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BiogenesisThe inner membrane proteome of the model organism Escherichia coli is composed of inner membrane proteins,
lipoproteins and peripherally attached soluble proteins. Our knowledge of the biogenesis of inner membrane
proteins is rapidly increasing. This is in particular true for the early steps of biogenesis — protein targeting
to and insertion into the membrane. However, our knowledge of inner membrane protein folding and quality
control is still fragmentary. Furthering our knowledge in these areas will bring us closer to understand the
biogenesis of individual inner membrane proteins in the context of the biogenesis of the inner membrane
proteome of Escherichia coli as a whole. This article is part of a Special Issue entitled: Biogenesis/Assembly of Re-
spiratory Enzyme Complexes.
© 2011 Elsevier B.V. All rights reserved.1. IntroductionThe proteins that make up the inner membrane proteome of
Escherichia coli are integral inner membrane proteins (hereafter referred
to as IMPs), lipoproteins and peripherally attached soluble proteins.
Around a quarter of all genes in the E. coli genome encode IMPs and
many other genes encode proteins that do not have any transmem-
brane segments (TMs), but are in some other capacity part of the
inner membrane proteome (e.g., [1–3]). Most IMPs appear to partic-
ipate in (transient) complexes, and co-factors and lipids can also be
part of these complexes [3–11]. Complexes in the inner membrane of
E. coli are involved in key processes such as energy generation and
conversion in the respiratory chain, cell division, signal transduction,
and transport processes.
The assortment of IMPs is diverse in size and complexity. The number
of TMs and the size and nature of periplasmic and cytoplasmic domains
of IMPs are highly variable [2,7,9,12]. In this review, we will focus on
IMP biogenesis (Fig. 1). We refer to other reviews for more detailed
information about the biogenesis of the other constituents of the
inner membrane proteome (e.g., [3,13]).
2. Biogenesis of inner membrane proteins
2.1. A role of the ribosome in IMP biogenesis
Recent studies indicate that the ribosome is an unexpectedly dynamic
and communicative machine. Cross-linking, Förster resonance energynesis/Assembly of Respiratory
: +31 20 598 7135.
, degier@dbb.su.se (J.-W.deGier).
rights reserved.transfer (FRET) and structural studies indicate that nascent peptides
adopt some secondary structure and engage in speciﬁc interactions
already in the ribosomal exit tunnel (e.g., [14–18]). This information is
transduced to the surface of the ribosome and inﬂuences the recruitment
of chaperones and Sec-translocon components (see Section 2.4.1) near
the exit site. Vice versa, these external factors may respond to the ribo-
some and inﬂuence translation and folding within the ribosome [19].
For instance, the presence of a signal anchor sequence in the ribosome
has been shown to promote the binding of the signal recognition particle
(SRP) (see Section 2.2) to the ribosome [20]. Signal anchor sequences
form a compacted, presumably helical conformation in the lower part of
the exit tunnel for optimal presentation to the SRP near the exit site
[21–23]. It has been shown in the mammalian system that contacts of
the ribosome with translocon subunits were affected by a signal anchor
sequence that was still conﬁned within the ribosome [24]. The tim-
ing, nature and extent of the conformational changes are important
topics for future research. It should be noted, however, that this intra-
ribosomal signaling may not be completely conserved in bacterial and
mammalian systems given the heterogeneity of the key proteins at
the nascent chain exit site [15].2.2. SRP-targeting pathway
It is generally assumed that ribosomes synthesizing IMPs are targeted
in a co-translational fashion to the innermembrane via the SRP-targeting
pathway [25,26].
The SRP is a ubiquitous ribonucleoprotein particle, found in all
three kingdoms of life [26]. The SRP was ﬁrst identiﬁed in mammalian
cells, where it targets both secretory and membrane proteins in a
co-translational fashion to themembrane of the endoplasmic reticulum
(ER). The E. coli SRP is more specialized in the targeting of IMPs whereas
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pathway that involves chaperones such as SecB [26]. Both pathways
converge at the Sec-translocon and the choice between the two path-
ways appears to be determined primarily by the preference of the SRP
for particularly hydrophobic targeting signals [27–29].
In contrast to the mammalian SRP that consists of an extensive RNA
scaffold and 6 proteins, the E. coli SRP is relatively simple. It consists
only of one small RNA (4.5S RNA) and the Ffh (Fifty-four homologue)
protein, which is homologous to the mammalian SRP54 [25]. Yet, this
minimalistic SRP is able to coordinate the delivery of ribosome na-
scent chain complexes at the Sec-translocon. It does so in conjunc-
tion with its receptor, FtsY, that is conveniently located in the vicinity
of the Sec-translocon [30].
Both Ffh and part of the 4.5S RNA participate in the formation of a
largely hydrophobic groove that can accommodate a hydrophobic target-
ing sequence in an α-helical conformation [31,32]. In comparison with
the mammalian SRP, the E. coli SRP lacks subunits that are involved in
the translational pausing upon interaction of the ribosome associated
SRP with the targeting signal in the nascent peptide. Although some-
what controversial, this would imply that no SRP-imposed arrest exists
in E. coli and that this feature is not critical for the basics of SRP function-
ing [33,34].
E. coli SRP docks to the ribosome at the large subunit proteins L23
and L29 near the nascent exit site [14]. The binding site overlaps with
that of the abundant general chaperone trigger factor and SecA that
appears to have multiple functions in protein folding, targeting and
translocation [35–37]. Although the precise orchestration of nascent
chain interactions near the exit site remains elusive, it is clear that re-
cruitment of the SRP to the ribosome is crucial to overcome the relatively
low afﬁnity of the SRP for the targeting sequence “in solution”.
As mentioned above, recruitment of the SRP may be promoted by
conformational changes near the exit site in response to the presenceFig. 1. The biogenesis of inner membrane proteins in E. coli. For a full description see the text
cotranslational fashion to the inner membrane via the SRP pathway (comprising the signal r
at the Sec-translocon— a protein-conducting channel that facilitates both the translocation
brane segments (TMs) into the lipid bilayer. The translocation of sizeable periplasmic loops
the Sec-translocon into the lipid bilayer and can assist the folding of IMPs. The SecDFYajC com
secreted proteins. Some IMPs are targeted via the SRP pathway or directly to YidC. YidD fun
cytoplasmic domains might be supported by cytoplasmic chaperones such as DnaK, where
DegP (which can also act as a protease). The FtsH complex is involved in quality control
translation-independent mechanism. Secretory proteins are targeted by the chaperone SecB i
proteins is SecA dependent. The signal sequence of secretory protein is removed by leaderpept
may occur in a post-translational manner via the SRP/Sec-translocon system or an alternativeof a signal anchor sequence in the exit tunnel. Strikingly, one study
suggests that any short nascent peptide (with or without a signal
anchor sequence) has this effect [34]. When nascent peptides emerge
from the ribosome, the targeting complex with ribosomes exposing a
signal anchor sequence is maintained, whereas ribosomes exposing
other sequences are released. This postponed sorting mechanism is
proposed to take place at themembrane. This is in keepingwith a recent
study, which indicates that the SRP-targeting pathway rejects incorrect
cargos through a series of checkpoints during subsequent steps of
targeting [38]. The narrowwindow of SRP recruitment to short nascent
peptides allows efﬁcient use of the limited number of SRPs available
(see Section 4). The targeting of translating ribosomes to themembrane
even before the emergence of a signal anchor sequence could also explain
the apparent absence of an SRP-mediated translational arrest in E. coli.
Ribosome nascent chain (RNC)–SRP complexes contact the SRP
receptor FtsY at the membrane to mediate transfer of the nascent
chain to the Sec-translocon. SRP–FtsY complex formation is acceler-
ated by the 4.5S RNA that transiently binds to FtsY and by the RNCs
on which SRP is docked [39–43]. Both SRP (i.e., the Ffh component)
and FtsY are GTPases [44]. GTP binding and hydrolysis in both the
SRP and FtsY tightly regulate co-translational targeting [45]. The SRP
binds, probably in a GTP-free state, to a targeting signal as it emerges
from the ribosome [46]. Interaction of the SRP with the ribosome in-
creases the afﬁnity of SRP for GTP [46]. SRP bound to a targeting signal
at the ribosome in an activated, GTP-bound form is primed for the inter-
action with FtsY [47]. Likewise, FtsY may be primed in a GTP-bound
state suitable for complex formation with SRP by an interaction with
membrane lipids and Sec-translocon components [48–50]. On the
other hand, ribonucleotide competition experiments have shown that
binding of RNC–SRP to FtsY precedes GTP binding by both Ffh and FtsY
[51]. The GTPases of Ffh and FtsY act as GTPase activating proteins for
each other [52]. GTP hydrolysis occurs only after the targeting signal. Ribosome–inner membrane protein nascent chain complexes (RNCs) are targeted in a
ecognition particle (SRP) and its receptor FtsY). At the inner membrane, the RNC docks
of hydrophilic polypeptide chains across the membrane and the insertion of transmem-
requires the ATPase SecA. YidC has been proposed to mediate the transfer of TMs from
plex can play a role in the biogenesis of IMPs as well as the translocation and folding of
ctions in the biogenesis of both YidC and Sec–YidC dependent IMPs. Folding of soluble
as that of periplasmic domains might be supported by periplasmic chaperones such as
and degradation of IMPs. mRNAs encoding IMPs localize to the inner membrane in a
n a mostly posttranslational manner to the Sec-translocon. The translocation of secretory
idase (Lep). Targeting and insertion of tail anchor (TA) proteins into the inner membrane
pathway.
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complex [45,51,53].
Recently, it was shown that an SRP/FtsY fusion that is tethered to
the inner membrane can support growth of cells devoid of SRP and
FtsY arguing that SRP-mediated targeting of RNCs may also take
place close to the membrane [54]. This might support the ﬂexibility
and efﬁciency of targeting by increasing the concentration of SRP
near the Sec-translocon. In a more provocative model, ribosomes
are targeted to the inner membrane via nascent FtsY that has afﬁnity
for membrane lipids [55]. This would imply that the SRP is recruited at
a late stage after the FtsY-mediated targeting step but prior to engage-
ment of the Sec-translocon.
The role of the SRP and FtsY in the targeting of IMPs has been
deduced primarily from studies on a few model proteins. Recently,
the effects of the depletion of the essential SRP have been determined
for the whole inner membrane proteome [56]. SRP depletion in E. coli
resulted in strongly impaired kinetics of the biogenesis of the inner
membrane proteome. This observation is in keeping with an essential
role of the SRP in the efﬁcient biogenesis of the E. coli inner membrane
proteome, but also suggests that it – at least for the biogenesis of most
IMPs/IMP complexes – is not required per se.
2.3. Alternative IMP targeting pathways
Besides the SRP-targeting pathway other IMP targeting pathways
appear to exist in E. coli.
Recently, it has been shown that mRNAs encoding IMPs localize to
the inner membrane in a translation-independent mechanism [57].
mRNAs encoding IMPs have a signiﬁcantly higher uracil content
than mRNAs encoding cytoplasmic proteins [58], which suggests a
correlation between the localization of mRNAs and their uracil content.
mRNA targeting is well documented in eukaryotes (e.g., [59]). The large
subunit of the ribosome remains associated with the Sec-translocon at
the ER but only when programmed with mRNA molecules that encode
secretory and membrane proteins.
“Traditional” chaperonesmay also assist in the targeting of a subset of
IMPs. In an in vitro study it has been shown that the cytoplasmic
chaperone GroEL can mediate post-translational membrane insertion of
the IMP lactose permease, LacY [60]. Similarly, bacteriorhodopsin is
efﬁciently delivered to membranes by GroEL [61]. However, in a pro-
teome wide screen no IMPs were identiﬁed as GroEL substrates [62].
The E. coli genomeencodes around a dozen tail anchor (TA) proteins,
i.e., IMPs that are anchored to the membrane through a C-terminal TM
[63,64]. Also, quite a number of very small (b50 amino acids) IMPs
with only one TM are present in E. coli[65]. The location of the targeting
signal in these IMPs conceptually precludes co-translational membrane
insertion via the SRP/Sec-translocon pathway. How these proteins are
targeted to and inserted into the inner membrane remains to be inves-
tigated in more detail.
In eukaryotes, a novel mechanism has been identiﬁed to prevent
aggregation and promote targeting and insertion of TA proteins into
the ER membrane, the GET (guided entry of TA proteins) pathway
[66]. This nucleotide-dependent delivery system comprises dedicated
chaperones, receptors and membrane proteins, but the molecular
details are only recently being elucidated. In addition, evidence for
a post-translational role of the SRP/Sec-translocon system in the bio-
genesis of a subset of TA proteins has beenpresentedwhichmay depend
on the hydrophobicity of the targeting signal [67].
2.4. Membrane insertion and folding of IMPs
Nascent IMPs are primarily targeted to the Sec-translocon/YidC
insertion site or to YidC that is not connected to the Sec-translocon.
The Sec-translocon is a protein-conducting channel homologous to
the Sec61–translocon complex in the ER [68]. The IMP YidC has been
identiﬁed as an indispensable factor that assists in the integration,folding, and assembly of IMPs both in association with the Sec-
translocon and as an independent entity (see also Sections 2.4.2–2.4.4).
2.4.1. The Sec-translocon
The core of the Sec-translocon is formed by an evolutionary con-
served heterotrimeric complex of IMPs [68]. A major breakthrough in
our thinking on Sec-mediated protein translocation and insertion
came from the elucidation of the high-resolution crystal structure of
the trimeric Sec-translocon complex obtained from the archaeon
Methanococcus jannaschii[69]. It provides a glimpse on how the dual
tasks of vectorial transport of secreted proteins and lateral movement
of IMPs are combined in one complex. The ten TMs of SecY form the
core of the channel that appears to be in the closed state and is plugged
by a smallα-helical domain. The TM of the clamp-like protein SecE and
the two TMs of SecG ﬂank the SecY channel. In contrast to SecE of M.
jannaschii E. coli SecE consists of three TMs. However, only the C-
terminal TM of E. coli SecE is required for a functional Sec-translocon
[70]. Viewed from the top the translocon has a clamshell conformation
with the two halves of SecY (TM1-5 and TM6-10) hinged at the loop be-
tween TM5 and TM6. The opposite (front) side at the intersection of
TM2 and TM7 is thought to form a ﬂexible lateral gate to allow the re-
lease of TMs during co-translational insertion of an IMP. This intui-
tive model is supported by biochemical data but also by a recent
cryo-electron microscopy (EM) structure of the SecYE complex com-
plexed with a ribosome that is occupied with the nascent IMP FtsQ,
which is a bitopic IMP involved in cell division [71,72]. The cryo-EM
structure revealed an extra rodlike density near the lateral gate that
probably represents the exposed signal anchor sequence of FtsQ.
Viewed from the side the Sec-translocon has an hourglass shape of
which the extracellular cavity is ﬁlled with the α-helical plug. The
narrow constriction in the middle is lined with hydrophobic residues
and also contributes to the effective sealing of the pore to prevent
leakage of ions in the resting channel. Recent structure based analysis in-
dicates that during both co- and post-translational translocation proper
sealing is maintained by the coordinatedmovement of the constriction,
the ﬂexible plug and the translocating peptide itself [73].
It has been proposed that the Sec-translocon ‘breathes’; i.e., its lateral
gate rapidly alternates between an open and closed state so that the
translocating polypeptide can be sampled by the lipid bilayer thereby
allowing TMs to move from the translocon into the bilayer [71,74,75].
The aforementioned cryo-EM structure indeed indicates direct protein–
lipid interactions to be critical during translocon-mediated membrane
insertion. The cryo-EM structure along with molecular dynamics
simulations indicates association between lipids and rRNA helix H59
resulting in a disorder in the lipid bilayer in proximity to the lateral
gate of the Sec-translocon channel [72]. This in turnmay favormembrane
insertion of TMs by decreasing the energy barrier for the TM to access the
hydrophobic core of the lipid bilayer through the layer of charged head
groups. The TMs of a membrane protein must not only be recognized
but also correctly oriented before or during insertion into the lipid bilayer.
Interestingly, the ribosome–translocon complex can coordinate the topo-
genesis of signal anchor sequences in the ER [76,77]. The Sec-translocon
pore was recently suggested to accommodate structures with an average
diameter of at least 22–24 Å, which is much larger than previously
assumed [78] but compatible with inversions of signal anchor sequences
that can occur in the translocon [77,76].
SecY and SecE are both required for cell viability and together they
form the core of the Sec-translocon, whereas the non-essential SecG
only facilitates Sec-translocon function [79]. Additional Sec-components
are SecA, SecD, SecF and YajC [79]. SecA, which is like SecY and SecE
also required for cell viability, is a peripheral membrane ATPase associat-
edwith the Sec-translocon that has so far been identiﬁed only in bacteria
and chloroplasts [36]. Post-translational protein export through the Sec-
translocon is energized by the proton motive force and by SecA that
pushes a substrate protein across in a series of ATP-dependent insertion
and deinsertion steps. SecA is also required for translocation of sizeable
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acids, across the inner membrane [80,81]. SecA, FtsY and the ribosome
use overlapping binding sites on the SecY subunit of the Sec-translocon
[82]. It is not understood how SecA and the ribosome operate together
during the biogenesis of an IMP with sizeable periplasmic loops.
SecD, SecF, and YajC form an accessory complex that is found associat-
ed with the Sec(A)YEG-translocon [83]. SecD and SecF both contain six
TMs and a large periplasmic domain, whereas YajC consists of only one
TM. SecDFYajC have been implicated in stabilizing the inserted state of
SecA and it has been suggested that these proteins play a role in the late
stages of protein translocation [84]. Interestingly, recent structural and
functional data indicate that the SecDF complex conducts protons and
may function as a membrane-integrated chaperone that is powered by
the proton motive force, to achieve ATP-independent protein trans-
location and folding of secreted proteins [85]. Furthermore, an in
vivo depletion study has provided evidence that the putative chaper-
one complex SecDFYajC can also play a role in the biogenesis of IMPs
[86].
Proteomics studies have shown that YajC is a relatively abundant
IMP that not only forms a complex with SecDF [87]. The IMP AcrB,
which is part of the AcrB:AcrA:TolC multidrug efﬂux pump complex
[88] was crystalized in complex with YajC [89]. The way YajC clamps
around AcrB is reminiscent of how SecE clamps around SecY. Interest-
ingly, YajC expression is signiﬁcantly upregulated upon YidC depletion
[88–90]. Together the data suggest that YajC functions in the assembly
or maintenance of the structural integrity of IMP complexes.
The oligomeric state of the Sec-translocon is a matter of ongoing
debate [91,92]. Based on the aforementionedM. jannaschii translocon
structure, it has been proposed that a single SecYEG heterotrimer
forms the active translocation channel. A recent biophysical study
indicates that the SecYEG monomer is indeed sufﬁcient to constitute
a functional translocon [93]. Cryo-EM studies on the Sec61-complex in
mammals and yeast, and the E. coli Sec-translocon indicate also that it
is monomeric when associated with the RNC [72,94]. In an alternative
model SecYEG functions as a dimer with one copy of SecY forming
the channel [95]. This view is supported by a study in which a SecYEG
dimer is shown to be stabilized by antibodies in detergent solution
[96]. Furthermore, dimers were also detected using blue-native (BN)
polyacrylamide gel electrophoresis (PAGE) [97,98]. It has been suggested
that the active channel is formed by two SecYEG heterotrimers arranged
with the lateral openings facing one another [99,100]. Another model
proposes SecYEG forming a tetramer of heterotrimers [101]. Freeze–
fracture analyses indicated that the SecYEG complexes in themembrane
are in an equilibrium of monomers, dimers, and tetramers. The forma-
tion of dimers and tetramers in the lipid environment was signiﬁcantly
stimulated by the interaction with translocation ligands SecA, preprotein
and ATP [102]. The oligomeric state of the active SecYEG complex may
also be inﬂuenced by the processed substrate [98].
Another debated issue is the oligomeric state of SecA.Most structural
studies show SecA as a homo-dimer, although the interface between
the dimers varies in these models [103]. The variety of dimerization
interfaces could imply that either multiple dimeric conformations
are possible, or that some of the observed dimers do not reﬂect a
physiological conformation. For instance, the 4.5 Å crystal structure of
the SecA–SecYEG complex from Thermotoga maritime shows that one
copy of SecA is bound to one copy of the SecY channel and is oriented
roughly parallel to the membrane surface [104]. However, it has been
argued that the T. maritime structure was obtained in detergent and at
high salt concentration, both conditions that favor dissociation of the
SecA dimer [105]. Structures of the complete Sec-translocon with
substrates may end the discussions as to the oligomeric state of SecA
in complex with the SecYEG-translocon.
2.4.2. YidC
In 2000, two studies showed that not only the Sec-translocon but
also the IMP YidC plays a key role in the biogenesis of IMPs. Samuelsonet al. demonstrated that the depletion of YidC in E. coli leads to the inhi-
bition of the insertion of both Sec-dependent and independent IMPs.
Notably, Sec-independent IMPswere previously thought to insert spon-
taneously into the innermembrane [106]. Scotti et al. showed that YidC
co-puriﬁes with the SecYEG-translocon and can be cross-linked to the
signal anchor sequence of nascent Sec-dependent IMPs [107].
The IMP YidC is a member of the conserved YidC/Oxa1/Alb3 family,
which comprises evolutionary conserved proteins involved in the
biogenesis of membrane proteins in the cytoplasmic membrane of bac-
teria, the mitochondrial inner membrane, and the thylakoid membrane
of chloroplasts [108–110]. Oxa1 was the ﬁrst member of this family
shown to play a role in membrane protein biogenesis in mitochondria
[111,112]. Subsequently, homologs of Oxa1 were found in bacteria and
chloroplasts: YidC and Alb3, respectively [108–110]. The conservation
in this family is probably due to the fact that mitochondria and chloro-
plasts are derived from bacteria by an endosymbiotic event.
The depletion of YidC in E. coli induces a massive phage-shock
protein A (PspA) response, which is indicative of dissipation of the
proton motive force [113,114]. The dissipation of the proton motive
force is probably due to defects in the functional assembly of cytochrome
bo3 oxidase and the F1Fo-ATPase. The PspA stress response is believed to
function in maintaining the energy state of the cell by “patching” the
damaged inner membrane [114].
In contrast to Gram-negative bacteria, most Gram-positive bacteria,
such as Bacillus subtilis and Streptococcus mutans have two YidC homo-
logs [109,110]. In B. subtilis, the YidC homologs are termed SpoIIIJ and
YqjG and deletion of either gene does not result in cell death, but
deletion of both is lethal [115]. The expression of either spoIIJ or yqjG
in E. coli complements for the defects in membrane insertion due to
YidC depletion [116]. In addition, both SpoIIIJ and YqjG are found asso-
ciated with the F1Fo-ATPase complex suggesting that they have a role
late in the biogenesis of membrane protein complexes [116]. Although
the twohomologs appear to be functionally exchangeable inmembrane
protein insertion and complex assembly, only SpoIIIJ is essential for
spore formation in B. subtilis and cannot be complemented by YqjG for
that function [117].
S. mutans also has two YidC homologs: YidC1 and YidC2 [118]. At-
tempts to simultaneously delete YidC1 and YidC2 failed, indicating that
the presence of at least one copy of YidC is required for cell survival.
Elimination of YidC2, but not YidC1, resulted in acid sensitivity, decreased
levels of membrane-associated F1Fo-ATPase activity and an inability to
initiate growth at lowpHor high salt concentrations [118]. Both S.mutans
YidC1 and YidC2 complement defects of YidC-deﬁciency in E. coli and can
mediate insertion of both Sec-dependent and Sec-independent (“YidC-
only”) substrates. However, the effects of introducing YidC1 or YidC2
into YidC-depleted E. coli are not identical, suggesting that the proteins
are functionally distinct [119]. YidC2deletion leads to a similar phenotype
as the deletion of components of the SRP-targeting pathway, while
double mutants of YidC2 and SRP resulted in a strong growth defect.
This synthetic effect suggests that YidC2 can compensate for the absence
of the SRP-targeting pathway, and that YidC2 overlaps in function
with the SRP-targeting pathway in co-translational protein insertion
in S. mutans. Interestingly, YidC2 and Oxa1 can be exchanged between
S. mutans and yeast cells and partially complement each other. Like for
Oxa1, the positively charged C-terminal tail of YidC2 binds to ribosomes
to mediate co-translational translocation upon expression in yeast
mitochondria [120]. This suggests that direct targeting of ribosomes
to YidC2 may obviate the absolute need for SRP in S. mutans.
All YidC family members, whether in mitochondria, chloroplasts,
or bacteria, with the exception of the one YidC-like protein in archaea,
have a conserved domain of ﬁve TMs [109]. In addition, the Gram-
negative E. coli YidC protein has an extra TM and a large periplasmic
domain separating the ﬁrst two TMs [121]. At the C-terminus, some
YidC homologs in bacteria have an extended C-terminal tail that
aids in positioning the ribosome to the cytoplasmic membrane. The
structure–function relationships of E. coli YidC have been probed in
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tion. The N-terminal TM serves merely as targeting sequence and can be
replaced by a cleavable signal sequence from maltose binding protein
(MBP) [122]. In contrast, theﬁve C-terminal TMs are essential for YidC ac-
tivity. Systematic mutagenesis of residues in TM2, TM3, and TM6 as well
as swapping TM4 and TM5 with unrelated TMs proved to have little ef-
fect on YidC activity [122]. Apparently, YidC is rather tolerant toward
point mutations, which is more consistent with a role as an insertion
platform than as an active insertase. The TMs of YidC may function as
a platform to bindhydrophobic segments of the substrates as TMs insert
into the membrane. Whether the transfer of TMs from YidC into the
lipid bilayer occurs en bloc, as shown for mannitol permease (MtlA,
six TMs), or sequentially as shown for leaderpeptidase (Lep, two
TMs), may depend on the particular substrate (see below) [123,125].
Surprisingly, most of the large periplasmic domain P1 is not essential
for the function of YidC [122]. 92% of the periplasmic domain can be
deleted without impairing YidC function. Only deletion of the C-terminal
region of the periplasmic domain impairs cell viability and membrane
insertion of a number of Sec-dependent and Sec-independent substrates
[125]. The deletion may cause a structural perturbation, as scanning
mutagenesis in this region does not identify residues vital for YidC
membrane insertion function [124]. Crystal structures of the periplasmic
domain have been presented [126,127]. They show a twistedβ-sandwich
with an α-helical linker, which orients the sandwich near the core TM
domains. A portion of this periplasmic domain mediates an interaction
with SecF, although this feature is not essential for IMPbiogenesis or cell
viability [125]. So far, besides binding to SecF, the function of this large
periplasmic domain remains unknown.
The C-terminal tail of YidC in E. coli is not critical for in vivo YidC ac-
tivity [122]. However, in a co-sedimentation study, YidC was found to
bind ribosomes via its C-terminal tail through electrostatic interactions
[128]. Deletion of the positively charged C-terminal tail (13 residues
long) resulted in loss of ribosome binding. Similar data were previously
obtained for the C-terminal tail of Oxa1 [129,130]. Why deletion of the
C-terminus of YidC has so little effect in vivo remains to be determined.
Several studies indicate that YidC functions as a dimer. Puriﬁed YidC
migrates as a monomer and dimer in native gels [131]. Furthermore,
YidC runs as a dimer in BN-PAGE upon solubilization of innermembranes
[4,88,132,133]. A cryo-EM 10 Å projection map of YidC also suggests that
it forms dimers in the membrane [134]. Dimers of YidC and Oxa1 form
Saccharomyces cerevisiae were localized at the exit site of a ribosome
stalled in the translation of a YidC substrate [128]. The attachment sites
on the ribosome appeared conserved between YidC and Oxa1. Helix 59
of the 23S rRNA is a contact point, as well as the L23/L29 region [128].
YidC has an additional strong anchor point at L24, whereas Oxa1 shows
only a weak connection in this area. These are the same contact sites as
used by the Sec-translocon [95,99]. In the crystal structure, the large peri-
plasmic domain of YidC is monomeric, suggesting that YidC dimerization
determinants reside in the TM region of the protein [126,127]. Taken to-
gether, it is clear that YidC has a tendency to dimerize. However, it is cur-
rently unknownwhat the oligomeric state of YidC iswhen itmediates the
biogenesis of an IMP either by itself or in conjunction with the Sec-
translocon.
Cross-linking experiments have also revealed interactions between
nascent membrane proteins and FtsH, and between FtsH, YidC and
HﬂC/K [135]. FtsH functions as an innermembrane chaperone/protease
and HﬂC and HﬂK modulate its activity and also may have chaperone
activity [136]. These observations imply a linked role for these proteins
in the quality control upon insertion of IMPs.
2.4.3. Sec/YidC-pathway
For proper insertion of some IMPs, both the Sec-translocon and YidC
are strictly required. The best studied representatives of this pathway
are CyoA, subunit II of cytochrome bo3 oxidase and subunit a of the
F1Fo-ATPase [137–139]. CyoA is a lipoprotein that is synthesized as a
precursor, which is processed by signal peptidase II following insertion[140]. Mature CyoA consists of two TMs connected by a cytoplasmic
loop and two translocated periplasmic termini: a lipid-modiﬁed N-
terminus and a large C-terminal domain. After targeting to the mem-
brane via the SRP-targeting pathway, insertion takes place in two distinct
stages. First, YidC is required and sufﬁcient formembrane insertion of the
N-terminal part of the protein consisting of the cleavable signal sequence,
short periplasmic loop, and the ﬁrst TM. Second, translocation of the
second TM and the large C-terminal periplasmic domain is mediated
by the Sec-translocon. CyoA inserts in a strictly sequential mechanism
requiring the insertion of the N-terminal domain prior to the insertion
of the C-terminal domain. In this case, the Sec-translocon acts down-
stream of YidC. In contrast, when the cytoplasmic loop between the
two TMs is lengthened considerably, the C-terminal TM inserts via the
Sec-translocon independently of the YidC-dependent N-terminal
domain insertion [141].
The Fo part of the E. coli F1Fo-ATPase consists of three integral
membrane protein subunits with a stoichiometry of a1b2c10[142].
Subunit a of the membrane integral Fo complex consists of ﬁve TMs
without any large cytoplasmic or periplasmic domains. Foa is another
example of a substrate whose insertion is strictly dependent on both
YidC and the Sec-translocon [143–145]. First, Foa is targeted to the
inner membrane via the SRP-targeting pathway. Then, the ﬁrst TM
is inserted into the membrane by the Sec-translocon independent of
YidC, whereas insertion of the whole protein requires both the Sec-
translocon and YidC. This protein serves as an example in which YidC
acts downstream of the Sec-translocon, but both components are
essential for proper membrane insertion.
E. coli NADH dehydrogenase I consists of 13 subunits, NuoA through
to NuoNwith NuoC and NuoD fused to form one protein. If any of these
subunits is absent, a functional enzyme complex cannot be formed
[146]. Using an in vitro proteoliposome based insertion assay, it has
been shown that NuoK, which contains three TMs, requires both YidC
and the SecYEG-translocon for insertion [147]. Speciﬁcally, the presence
of the negative charges in TM2 and TM3, Glu36 and Glu72, determines
the YidC-dependent insertion. Substitution of the glutamates at these
positions produced a protein that, like most studied IMPs, requires
only the SecYEG-translocon for integration into the membrane. NuoK
is one of many integral membrane respiratory proteins that contain
membrane-negative charges. NuoA has a structure similar to NuoK
with glutamates at positions 81 and 102 (TM2 and 3) and an aspartate
residue at position 79 (TM2). It would be of interest if these similar
structural features necessitate YidC in the insertion process.
For the substrates discussed above, CyoA, Foa, and NuoK both YidC
and the Sec-translocon are strictly required. In the next section, the
second role of YidC in conjunction with the Sec-translocon is discussed.
Here, YidC is not essential to obtain sufﬁcient levels of these IMPs in the
inner membrane, yet it was found in close proximity to the TMs of the
nascent substrate proteins.
Photo-cross-linking studies have shown that nascent chains of
FtsQ insert into the membrane close to SecY and lipids and move to
a combined YidC/lipid environment upon peptide elongation. Here,
YidC probably aids in the lateral transfer of the TM of FtsQ from the
translocase into the lipid bilayer [131,148]. Lep is another example
of a Sec-dependent protein which could be cross-linked in vitro to
both YidC and the Sec-translocon during insertion into the inner mem-
brane [123,131,149,150]. A detailed view emerges from these cross-
linking studies using nascent Lep: TM1 in short nascent Lep contacts
both SecY and YidC depending on the position of the cross-linking
probe in the TM. Longer nascent chains have more contact with YidC,
whereas in even longer nascent Lep, TM1 moves away from the Sec/
YidC complex to become lipid embedded. Further translation results
in exposure of TM2, which contacts ﬁrst SecY, then shifts to YidC to
eventually move into the lipid phase. These observations are consistent
with a linear insertion mechanism of TMs into the membrane. This
linear insertion model has been challenged by a study that used
MtlA as model for TM insertion [124]. The observation that the ﬁrst
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in a model in which YidC assists in the assembly of TMs prior to their
concerted release en bloc into the lipid phase. It remains unclear
whether these observed differences in the contacts of TMs with YidC
are due to the different model proteins (two TMs in Lep versus six
TMs in MltA) or to differences in the experimental set-up.
Irrespective of the exact TM release model, the tested Sec-dependent
IMPs FtsQ and Lep interactwithYidC in vitro in cross-linking experiments,
but their membrane insertion in vivo is onlymildly affected by deple-
tion of YidC (e.g., [106,148,82]). The role of YidC for the insertion of
these Sec-dependent IMPs has not been fully deﬁned. The next sec-
tion deals with the third way in which YidC plays a role in membrane
biogenesis of Sec-dependent IMPs, i.e., in (late) folding and complex
formation.
YidC is not required for insertion of the twelve TMs of LacY, whereas
the Sec-translocon is essential [151]. However, by using an in vitro
system and twomonoclonal antibodies directed against conformation-
al epitopes, it was shown that LacY is only immuno-precipitated in the
presence of YidC. Moreover, LacY only folds properly in proteoliposomes
containing also YidC [151]. These results indicate that YidC plays a key
role in folding of LacY into its ﬁnal tertiary conformation via an interac-
tion that likely occurs transiently during insertion into the lipid phase of
the membrane. On a similar note, YidC acts in the biogenesis of MalF,
which functions in maltose transport as a complex with the integral
IMP MalG and the peripheral IMP MalK. MalF consists of eight TMs
with a large periplasmic domain between TM3 and the TM4 [152]. YidC
is not required for the insertion of MalF into the membrane whereas it
is essential for the stability of MalF and the formation of the MalFGK2
maltose transport complex [153]. Probably, YidC supports the folding of
MalF into a stable conformation before it is incorporated into themaltose
transport complex.
In summary, the data discussed above indicate that YidC can act
both downstream and upstream of the Sec-translocon. For a subset
of proteins, both YidC and the Sec-translocon are strictly required
for insertion. For other IMPs, YidC seems to be close and may facilitate
lipid partitioning and assembly of TMs rather than being absolutely
critical. For yet another subset of IMPs, YidC seems essential for assembly
of TMs to trigger proper folding and oligomerization of IMPs.
2.4.4. YidC only pathway
YidC can also act as an insertase, independent of the Sec-translocon.
YidC is essential for the biogenesis of Sec-independent IMPs, such as the
Pf3 and M13 phage coat proteins [106]. Based on in vitro experiments
using liposomes these IMPs were previously thought to require only
the proton motive force for insertion. However, depletion of YidC re-
sults in complete inhibition of the insertion of the Pf3 and M13 phage
coat proteins, the ﬁrst “YidC-only” substrates that were identiﬁed
[106]. Pf3 coat protein (44 residues) has one TM with a translocated
N-terminus, while M13 procoat protein (79 residues) has one TM and
a cleavable signal sequence. Additional evidence that YidC plays a role
in membrane insertion of these small IMPs is provided by the demon-
stration that YidC physically interacts with the TM of Pf3 coat protein
during insertion and that proteoliposomes that contain only YidC are
sufﬁcient to insert the Pf3 coat protein [154,155]. Recent evidence
suggests that the in vitro insertion of M13 coat protein into diacylgly-
cerol (DAG)-containing liposomes is strictly dependent on YidC [156].
Even though DAG occurs in the inner membrane of E. coli, only lipo-
somes without any DAG had been used for studying the biogenesis of
M13 procoat protein so far. This explains why its insertion into the
inner membrane was considered to be YidC independent for a long
time.
Subunit c of the F1Fo-ATPase was the ﬁrst identiﬁed endogenous
substrate that solely depends on YidC for insertion into the inner
membrane. Similar to the phage coat proteins M13 and Pf3, Foc is
small and hydrophobic, consisting of two TMs, with small translocated
N- and C-termini. Foc forms an oligomeric ring of 10 subunits in theinner membrane. The ﬁrst indication that Foc is a YidC substrate came
from the study in which YidC depletion led to decreased amounts of
Foc in puriﬁed inner membranes [113]. Additional in vitro and in vivo
data unambiguously showed that YidC alone is essential and sufﬁcient
to insert Foc into the inner membrane [144,157,158]. In mitochondria,
Oxa1 forms a stable complexwith the Foc oligomers, and Oxa1 deﬁcient
mitochondria have reduced levels of F1Fo-ATPase activity [159]. Similar-
ly, in B. subtilis the YidC homologs SpoIIIJ and YqjG are co-puriﬁed with
the F1Fo-ATPase complex, suggesting that YidC is in contact with Foc at
late stage the biogenesis of the F1Fo-ATPase complex [116]. These data
together suggest that YidC, in addition to its role as the insertase for
Foc, may also play a part in assembling subunit c into the oligomeric
complex.
Thus far, the mechanosensitive channel with large conductance
(MscL) has been described as the second endogenous YidC substrate
[160], although conﬂicting data on the role of YidC have been
reported. The MscL protein plays a role in protecting cells exposed
to osmotic shock [161]. The crystal structure of the MscL homolog
from Mycobacterium tuberculosis shows a homopentameric channel
[162]. Each MscL subunit spans the inner membrane twice and has
a small periplasmic domain between the two TMs. MscL is inserted
into the membrane independently of the Sec-translocon, whereas YidC
appeared essential for efﬁcient membrane insertion [160]. In contrast,
Pop et al. reported that inner membrane vesicles (IMVs) produced
from YidC depleted cells had the same level of MscL protein as
IMVs fromwild type cells, indicating that insertion was not impaired
in these cells [163]. However, in the absence of YidC assembly of the
homopentameric MscL complex was strongly reduced as shown by
BN-PAGE. These results indicate a late role for YidC in formation of
an oligomeric complex than rather involvement in insertion [164].
A third study on MscL biogenesis reported that MscL, produced in a
cell-free system, is able to insert directly into a pure lipid bilayer in
an active conformation as judged by patch-clamp experiments [165].
Also its subsequent oligomerization into homopentamers is reported
to be a spontaneous event and results in active channels [166]. These
ﬁndings do, however, not exclude that in vivo chaperones such as
YidC may be needed to make the process of insertion and complex
assembly more efﬁcient. Indeed, MscL inserts more efﬁciently into
proteoliposomes containing YidC.
The number of IMPs identiﬁed to require YidC for their biogenesis
remains limited. Thus far, the substrates identiﬁed to require only YidC
for insertion include the M13 and Pf3 phage coat proteins, subunit c of
F1Fo-ATPase, and possibly MscL. In addition, a subset of Sec-dependent
proteins requires YidC for proper insertion. These substrates include
CyoA, NuoK, and Foa. A third set of substrates needs YidC for efﬁcient
folding and/or complex formation. These include MalF and LacY and
probably MscL. It is currently not clear which features determine if an
IMP is directed to the YidC-only pathway versus the Sec or Sec/YidC
pathway.2.4.5. Intrinsic biogenetic information of IMPs
Interestingly, the TMs of single-spanning membrane proteins are
more hydrophobic than TMs of multi-spanning membrane proteins
[75]. This suggests that a relatively large fraction of the TMs in multi-
spanningmembrane proteins depends on interactionswith neighboring
TMs for proper partitioning into the membrane. Indeed, several such
cases have been described [167].
It has been known for a long time that positively charged residues
ﬂanking TMs are important topological determinants [12]. Recently, it
was shown that a single positively charged residue placed in different
locations throughout the protein, including the very C-terminus can
control the ﬁnal topology of an IMP [168]. This observation points
to an unanticipated plasticity in IMP insertion/folding mechanisms.
It is not known if any involvement of chaperones is required for this
plasticity.
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during or after membrane insertion is completed, thereby forming a
helical bundle. Helix–helix interactions are modulated by the sequence
context and by lipid bilayer properties [10,169]. It is generally assumed
that after helix packing the extramembranous domains are folded.
Interestingly, it has been shown recently that integrin TM complex
formation depends on the conformational state of soluble domains
[170]. Thus, it appears that folding of soluble domains can alsomediate
the organization of TMs and thereby folding of amembrane protein as a
whole and its incorporation into complexes.
2.4.6. Factors assisting IMP folding
In addition to YidC, SecDF and YajC, SecY has been implicated in the
folding of IMPs (see Sections 2.4.1–2.4.4). More speciﬁcally, SecY
mutants have been isolated that impair IMP folding [171]. Thesemutants
induce, just like the depletion of YidC, cell envelope stress responses.
Thus, SecY is not merely part of a protein-conducting channel but
also involved in assisting IMP folding. In the ER, it has been shown
that TMs remain temporarily and speciﬁcally associated with Sec-
components after their release from the protein channel component
of the Sec-translocon, and in E. coli TMs remain associated with the
auxiliary Sec-translocon component YidC (see Sections 2.4.2–2.4.3).
This sequential triage appears to be required for the proper folding of
a polytopic membrane protein as a whole. Cytoplasmic chaperones
and periplasmic chaperones may also be involved in mediating folding
of extra membraneous loops/domains either before, during or after
helix bundle formation. Finally, other partners in an oligomeric setting
may mediate folding and affect stability.
It has been shown that the biogenesis of the cytochrome cbb3 oxydase
from Rhodobacter capsulatus requires specialized chaperones [172,173].
So far, such specialized chaperones involved in the biogenesis of IMPs/
IMP complexes have not yet been identiﬁed in E. coli.
The orientation of TMs (see Section 2.4.5) also depends on the
phospholipid composition of the membrane during initial assembly
as well as on changes in lipid composition after assembly [11]. The
membrane translocation potential of negative amino acids working
opposite to the positive-inside rule is largely dampened by the presence
of phosphatidylethanolamine (PE), thus explaining the dominance of
positive residues as retention signals. PE provides the appropriate
charge density that permits themembrane surface tomaintain a charge
balance between membrane translocation and retention signals and
also allows for the presence of negative residues in the cytoplasmic
face of proteins for other purposes. The lipid composition of a mem-
brane can also affect other aspects of membrane protein folding like
helix-packing and as a consequence the activity of a membrane protein
[10].
The presence/absence of a substrate can affect the folding and stability
of an IMP as has recently been shown for the E. coli uracil transporter
UraA [174]. In the presence of uracil UraA is stablewhereas in the absence
of uracil it is rapidly degraded. Thus, a substrate can conceptually function
as a foldingmodulator. In addition, for cytochrome bo3 it has been shown
that the binding of a co-factor (heme b) is necessary for folding and
complex formation [175].
2.4.7. Involvement of YidD in the biogenesis of IMPs
A very recent study suggested a novel factor, YidD, to function in the
biogenesis of IMPs [176]. The gene encodingYidD is located upstreamof
yidC in a gene cluster that is highly conserved in Gram-negative bacte-
ria, the gene order being rpmH, rnpA, yidD, yidC, and trmE. In E. coli yidD
overlaps with rnpA and has only 2 bp spacing to yidC. YidD is expressed
in E. coli under standard laboratory conditions and it localizes to the
inner membrane probably through an amphipathic helix. Inactivation
of yidD does not affect cell growth and viability. However, compared
to control cells,ΔyidD cellswere affected in the insertion and processing
of three YidC-dependent IMPs, i.e., CyoA, Foc and the SRP/YidC depen-
dent artiﬁcial IMP M13P2. Furthermore, in vitro crosslinking showedthat YidD is in proximity of nascent FtsQ during its localization in the
Sec–YidC translocon, suggesting that YidD is involved in the insertion
process.
2.5. Degradation of IMPs
In the inner membrane, the recognition and disposal of malfolded,
misassembled or damaged IMPs are performedby quality control factors/
proteases.
The best known and characterized protease in the innermembrane of
E. coli is probably FtsH [136,177]. It consists of two N-terminally located
TMs and a main cytosolic region consisting of AAA-ATPase and Zn2+-
metalloprotease domains and forms a homo-hexamer, which is further
complexed with an oligomer of the membrane-boundmodulating factor
HﬂKC. FtsH is known to degrade e.g., subunit a of the ATP synthase, SecY
when it is overexpressed in the absence of interacting subunits as well as
some cytoplasmic proteins. FtsHuses ATPhydrolysis to dislocate the IMPs
in a processive manner from the membrane for further degradation.
To initiate degradation of an IMP, FtsH requires a hydrophilic tail of
20 residues or longer. In mitochondria, the AAA proteases that are
homologous to FtsH play important roles in the quality control and
degradation of nonassembled subunits from the mitochondrial inner
membrane [178]. Recently, it was shown that FtsH degrades SecY
when the Sec-translocon is jammed by a LamB–LacZ fusion protein
leading to cell death [179]. The IMP YccA inhibits the function of FtsH
and regulates its activity, and it can counteract the suicidal activity of
destructing jammed Sec-translocons [179]. The aforementioned protein
YidC has also been found in a large complex with FtsH [135]. Possibly,
YidC not only assists the biogenesis of IMPs but also selects (malfolded)
IMPs and delivers them to FtsH [135].
Besides FtsH there are other proteases in the inner membrane, such
as the IMPs HtpX, YaeL and GlpG, which play a role in quality control of
IMPs [180–185]. Themetalloprotease HtpX has a function that overlaps
with FtsH and degrades malfolded mutant IMPs as well as some cyto-
plasmic proteins. YaeL is the homolog of the eukaryotic S2P protease
and can catalyze intramembrane proteolysis. GlpG is a protease with
its catalytic groups within the membrane and was shown to degrade
some artiﬁcial IMPs. The exact role these proteases play in inner mem-
brane proteome homeostasis needs further study.
When the targeting of IMPs to the inner membrane is impaired by
the depletion of SRP, the heat shock response is induced and the
cytoplasmic proteases Lon and ClpQ become essential for maintain-
ing viability [186]. These proteases appear to play an important role
in the degradation of mislocalized IMPs and proteins that aggregate as
a consequence of the presence of mistargeted (hydrophobic) IMPs in
the cytoplasm [90,186].
Upon YidC depletion, the CpxA–CpxR envelope stress response sys-
tem is induced [172]. When IMP folding is impaired in the aforemen-
tioned SecY mutants (Section 2.4.6) and under YidC depletion
conditions, both the Cpx and the alternative sigma factor σE envelope
stress response systems are activated, inducing the expression of some
proteases that are probably involved in clearing the cell of malfolded
IMPs [171].
3. Assembly of inner membrane protein complexes
Almost all IMPs are part of complexes. Cytochrome bo3, which is
the major respiratory oxidase located in the cytoplasmic membrane
of E. coli when grown under high oxygen tension, and the maltose
transporter complex are two of the few examples of E. coli inner
membrane protein complexes of which the assembly has been studied
in some detail.
Cytochrome bo3 consists of four membrane subunits [187]. Subunit 1
(CyoB) spans themembrane 15 times and contains the heme b, heme o3,
and the copper B site. Subunit 2 (CyoA) spans the membrane with two
TMs and has a large domain protruding into the periplasm. The
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Section 2.4.3). Subunits 3 (CyoC) and 4 (CyoD) have ﬁve and three TMs,
respectively. Using a combination of BN-PAGE and 2D BN/SDS-PAGE the
biogenesis of cytochrome bo3 has been studied in great detail [175]
(Fig. 2). `The operon encoding the four subunits was expressed from a
T7 promoter based plasmid. This allowed for the radiolabeling of the sub-
units using the rifampicin-blocking technique in which the synthesis of
chromosomally encoded proteins is suppressed. In BN-gels the complex
subunits 3–4, subunits 3–4–1, and subunits 3–4–1–2 could be detected
suggesting an ordered assembly of the complex. Furthermore, it was
shown that blocking the binding of the cofactor heme b to subunit 1
disturbs the formation of the oxidase complex because mutations of
the histidines that coordinate the heme b to subunit 1 led to the ac-
cumulation of subunit 1 and some of the subcomplexes. Taken to-
gether, the biogenesis of cytochrome bo3 seems to be an ordered
process and binding of cofactors is critical for the formation of the
complex.
The maltose transporter complex contains the IMPs MalF and MalG
as well as a dimer of the ATP-binding cassette MalK in the cytoplasm
[152]. The complex transports maltose from the periplasm across the
inner membrane. MalF andMalG contain eight and six TMs, respective-
ly. The IMPs MalF and MalG interact directly and form a complex with
the ATPase MalK2 forming the maltose transporter complex, which
can interact with the periplasmic maltose-binding protein (MBP).
Recently, the structure of the maltose transporter (MalK2MalFMalG)
with MBP bound has been solved [152]. The biogenesis of the maltose
transporter complex has been studied extensively using different
approaches. Based on in vitro studies using isolated subunits it has
been proposed that subunitswithin the complex can assemble random-
ly [188,189]. MalK can form a dimer in the absence of MalF or MalG.
In experiments studying only two of the three protein components
at a time, all combinations (K2, FG, FK2 and GK2) of the subunits can
be stably isolated, whereas expression of F, K, and G gives rise to
the tetrameric complex FGK2. Thus, based upon in vitro studies using
isolated subunits assembly of the maltose transporter complex seems
to occur in a rather disordered, random fashion. The biogenesis of
MalF has also been studied in quite some detail using a combination
of in vitro cross-linking and in vivo approaches [153]. MalF requires
the SecAYEG-translocon; the depletion of SecE led to a block in the
insertion of MalF across the membrane and the addition of sodium
azide, an inhibitor of SecA, negatively affected the membrane insertion
ofMalF. Asmentioned above, depletion of YidCdid not affect the insertion
of MalF, but prevented the folding of the protein. Upon YidC depletion
MalF was degraded and the amounts of the MalFGK2 complex were
reduced in YidC-depleted cells. These observations suggest that the
biogenesis of the maltose transport complex may not be as disordered
as the in vitro studies using isolated subunits indicated.
The characterization of the composition and dynamic organization
of the inner membrane proteome of E. coli will make it possible to
study the assembly of more inner membrane protein complexes (see
Section 4). This is needed to better understand the rules of engagement
during their assembly.
4. Toward a comprehensive description of the biogenesis of the
inner membrane proteome of E. coli
The ultimate goal is to understand the biogenesis of the inner mem-
brane proteome as a system. It is commonplace knowledge in biolo-
gy that the whole is greater than the sum of its parts and this holds
also true for the biogenesis of membrane proteomes. The IMP-
biogenetic components do not function in isolation but rather inﬂu-
ence each other in synergistic and complementary ways. Further, the
dynamics of the biogenesis, quality control, and turn-over of the mem-
brane proteomeadjust in response to environmental stimuli and chang-
ing needs of the bacterial cell. In the same way, the components of
membrane proteomes do not work in isolation but are organized infunctional (super-)complexes depending on the needs. The dynamic as-
sembly and de-assembly of these complexes needs to be precisely coordi-
nated and changes over time and space. At present, we are still far from
grasping these dynamics of the biogenesis of the membrane proteome.
How do wemove toward a comprehensive description of the bio-
genesis of the inner membrane proteome of E. coli? Firstly, we need
to get a better picture of the composition and dynamic organization
of the inner membrane proteome. Non-gel based approaches have
successfully been used for the large scale and relative quantitative
analysis of the E. coli inner membrane proteome [3,190]. Also 1D
and 2D iso-electrofocussing (IEF)/SDS-PAGE combined with mass
spectrometry have been used to study the constituents of the E. coli
innermembrane proteome and their abundance [3,190]. Unfortunately,
2D IEF/SDS-PAGE is not compatible with most proteins containing TMs
[191,192]. The 2D BN/SDS-PAGE technique is very suitable for studying
the organization of the constituents of a membrane proteome in
complexes [97]. For the 1st dimension of 2D BN/SDS-PAGE, membrane
protein complexes are separated according to size in a gradient gel.
In the 2nd dimension, the subunits of the separated complexes are
resolved by SDS-PAGE. 2D BN/SDS-PAGE has successfully been used to
characterize the inner membrane proteome of E. coli[4,5,8,87,193,194].
Techniques like sucrose gradient centrifugation, chemical cross-linking,
X-ray crystallography, electron microscopy, ﬂuorescence microscopy
and mass spectrometry have also been used to study the composition
and organization of the E. coli inner membrane proteome although on a
limited scale [7,9,135,197–198].
Secondly, further factors playing a role in IMP biogenesis have to
be identiﬁed and characterized. It is highly likely that we are still
missing substantial quality control factors and chaperones involved,
as many IMPs have no assigned function yet. For example, recently
it could be shown that the so far uncharacterized protein YidD plays
a role in the biogenesis of IMPs (Section 2.4.7).
Thirdly, the biogenesis of the inner membrane proteome of E. coli
has to be described in a more quantitative manner. In a ‘normal’ E. coli
cell, there are around 20,000–30,000 ribosomes, 40 SRP, 10,000 FtsY,
500 SecY/E/G, 2000 SecA, 30–40 SecD/F, and 2500 YidC molecules
[199]. A recent study nicely explains the at ﬁrst sight maybe low num-
ber of SRP molecules: the narrow window for the recruitment of the
SRP to short nascent peptides allows efﬁcient use and quick recycling
of the limited number of SRPs available (see Section 2.2). However, fur-
ther investigation is needed to link the quantities and the localization of
the components involved in the biogenesis of the innermembrane, and
the dynamic organization of the inner membrane proteome to enable a
quantitative description of its biogenesis. Silhavy and co-workers have
pioneered describing the biogenesis of a membrane protein in such a
way using the outer membrane protein LamB [200].
Thus far, the use of global approaches to study the biogenesis of
the inner membrane proteome of E. coli has been explored on a
very limited scale. Various proteomic techniques have been used to
study the effects of SecE, SRP and YidC depletion on the biogenesis
of the E. coli inner membrane proteome [56,201–204]. These studies
have led to the identiﬁcation of many potential SecE, SRP and YidC
substrates and insights in the role of these components for protein
homeostasis in the bacterial envelope. However, even these studies
were merely providing snap-shots of the biogenesis of the inner
membrane proteome. Further advances in proteomics, microscopy
and bioinformatics will push the comprehensive understanding of
the dynamics of the biogenesis of the inner membrane proteome
through generating and integrating quantitative information of its
components in time and space.
Acknowledgements
There is a tremendous amount of literature covering the topic we
discuss in this review, and we would like to apologize to those whose
work we could not cite. Research in the laboratory of Jan-Willem de
Fig. 2.Model of the assembly of cytochrome bo3 following insertion of subunits into the membrane. Assembly intermediates are circled. See Section 3 for an explanation. Taken from
reference [177] with permission.
973J. Luirink et al. / Biochimica et Biophysica Acta 1817 (2012) 965–976Gier was supported by grants from the Swedish Research Council, the
Marianne and Marcus Wallenberg Foundation, National Institutes of
Health grant 5R01GM081827-03 and the SSF-supported Center for
Biomembrane Research. Samuel Wagner was supported by a long-
term fellowship of the International Human Frontiers Science Program
Organization.
References
[1] E. Wallin, G. von Heijne, Genome-wide analysis of integral membrane proteins
from eubacterial, archaean, and eukaryotic organisms, Protein Sci. 7 (1998)
1029–1038.
[2] D.O. Daley, M. Rapp, E. Granseth, K. Melen, D. Drew, G. von Heijne, Global topology
analysis of the Escherichia coli inner membrane proteome, Science 308 (2005)
1321–1323.
[3] J.H. Weiner, L. Li, Proteome of the Escherichia coli envelope and technological
challenges in membrane proteome analysis, Biochim. Biophys. Acta 1778
(2008) 1698–1713.
[4] F. Stenberg, P. Chovanec, S.L. Maslen, C.V. Robinson, L.L. Ilag, G. von Heijne, D.O.
Daley, Protein complexes of the Escherichia coli cell envelope, J. Biol. Chem. 280
(2005) 34409–34419.
[5] S. Wagner, L. Baars, A.J. Ytterberg, A. Klussmeier, C.S. Wagner, O. Nord, P.A. Nygren,
K.J. van Wijk, J.W. de Gier, Consequences of membrane protein overexpression in
Escherichia coli, Mol. Cell. Proteomics 6 (2007) 1527–1550.
[6] M. Klepsch, S. Schlegel, D. Wickstrom, G. Friso, K.J. van Wijk, J.O. Persson, J.W. de
Gier, S. Wagner, Immobilization of the ﬁrst dimension in 2D blue native/SDS-
PAGE allows the relative quantiﬁcation of membrane proteomes, Methods—a
Companion Methods Enzymol. 46 (2008) 48–53.
[7] K.R. Vinothkumar, R. Henderson, Structures of membrane proteins, Q. Rev. Bio-
phys. 43 (2010) 65–158.
[8] G. Maddalo, F. Stenberg-Bruzell, H. Gotzke, S. Toddo, P. Bjorkholm, H. Eriksson, P.
Chovanec, P. Genevaux, J. Lehtio, L.L. Ilag, D.O. Daley, Systematic analysis of native
membrane protein complexes in Escherichia coli, J. Proteome Res. (2011).
[9] http://blanco.biomol.uci.edu/mpstruc/listAll/list.
[10] A.G. Lee, Biological membranes: the importance of molecular detail, Trends Bio-
chem. Sci. 36 (2011) 493–500.
[11] W. Dowhan, M. Bogdanov, Molecular genetic and biochemical approaches for
deﬁning lipid-dependent membrane protein folding. Biochim. Biophys. Acta. in
press.
[12] G. von Heijne, Membrane-protein topology, Nat. Rev. Mol. Cell Biol. 7 (2006)
909–918.
[13] M.Merdanovic, T. Clausen,M. Kaiser, R. Huber,M. Ehrmann, Protein quality control
in the bacterial periplasm, Annu. Rev. Microbiol. (2010).
[14] R.S. Ullers, E.N. Houben, A. Raine, C.M. ten Hagen-Jongman, M. Ehrenberg, J.
Brunner, B. Oudega, N. Harms, J. Luirink, Interplay of signal recognition particle
and trigger factor at L23 near the nascent chain exit site on the Escherichia coli
ribosome, J. Cell Biol. 161 (2003) 679–684.
[15] E.N. Houben, R. Zarivach, B. Oudega, J. Luirink, Early encounters of a nascent
membrane protein: speciﬁcity and timing of contacts inside and outside the
ribosome, J. Cell Biol. 170 (2005) 27–35.[16] C.A. Woolhead, A.E. Johnson, H.D. Bernstein, Translation arrest requires two-way
communication between a nascent polypeptide and the ribosome, Mol. Cell 22
(2006) 587–598.
[17] S. Bhushan, T. Hoffmann, B. Seidelt, J. Frauenfeld, T. Mielke, O. Berninghausen,
D.N. Wilson, R. Beckmann, SecM-stalled ribosomes adopt an altered geometry
at the peptidyl transferase center, PLoS Biol. 9 (2011) e1000581.
[18] J. Lu, C. Deutsch, Folding zones inside the ribosomal exit tunnel, Nat. Struct. Mol.
Biol. 12 (2005) 1123–1129.
[19] D.N. Wilson, R. Beckmann, The ribosomal tunnel as a functional environment for
nascent polypeptide folding and translational stalling, Curr. Opin. Struct. Biol. 21
(2011) 274–282.
[20] U. Berndt, S. Oellerer, Y. Zhang, A.E. Johnson, S. Rospert, A signal-anchor sequence
stimulates signal recognition particle binding to ribosomes from inside the exit
tunnel, Proc. Natl. Acad. Sci. U. S. A. 106 (2009) 1398–1403.
[21] J. Lu, C. Deutsch, Secondary structure formation of a transmembrane segment in
Kv channels, Biochemistry 44 (2005) 8230–8243.
[22] M. Halic, M. Blau, T. Becker, T. Mielke, M.R. Pool, K. Wild, I. Sinning, R. Beckmann,
Following the signal sequence from ribosomal tunnel exit to signal recognition
particle, Nature 444 (2006) 507–511.
[23] L.W. Tu, C. Deutsch, A folding zone in the ribosomal exit tunnel for Kv1.3 helix
formation, J. Mol. Biol. 396 (2010) 1346–1360.
[24] C.A. Woolhead, P.J. McCormick, A.E. Johnson, Nascent membrane and secretory
proteins differ in FRET-detected folding far inside the ribosome and in their
exposure to ribosomal proteins, Cell 116 (2004) 725–736.
[25] J. Luirink, I. Sinning, SRP-mediated protein targeting: structure and function
revisited, Biochim. Biophys. Acta 1694 (2004) 17–35.
[26] B.C. Cross, I. Sinning, J. Luirink, S. High, Delivering proteins for export from the
cytosol, Nat. Rev. Mol. Cell Biol. 10 (2009) 255–264.
[27] Q.A. Valent, J.W.L. de Gier, G. von Heijne, D.A. Kendall, C.M. ten Hagen-
Jongman, B. Oudega, J. Luirink, Association of nascentmembrane and presecretory
proteins with signal recognition particle and trigger factor, Mol. Microbiol. 25
(1997) 53–64.
[28] Q.A. Valent, P.A. Scotti, S. High, J.W. de Gier, G. von Heijne, G. Lentzen, W.
Wintermeyer, B. Oudega, J. Luirink, The Escherichia coli SRP and SecB targeting
pathways converge at the translocon, EMBO J. 17 (1998) 2504–2512.
[29] K. Beck, L.F. Wu, J. Brunner, M. Müller, Discrimination between SRP- and SecA/-
SecB-dependent substrates involves selective recognition of nascent chains by
SRP and trigger factor, EMBO J. 19 (2000) 134–143.
[30] S. Angelini, D. Boy, E. Schiltz, H.G. Koch, Membrane binding of the bacterial signal
recognition particle receptor involves two distinct binding sites, J. Cell Biol. 174
(2006) 715–724.
[31] C.Y. Janda, J. Li, C. Oubridge, H. Hernandez, C.V. Robinson, K. Nagai, Recognition of a
signal peptide by the signal recognition particle, Nature 465 (2010) 507–510.
[32] T. Hainzl, S. Huang, G. Merilainen, K. Brannstrom, A.E. Sauer-Eriksson, Structural
basis of signal-sequence recognition by the signal recognition particle, Nat.
Struct. Mol. Biol. 18 (2011) 389–391.
[33] A. Raine, R. Ullers, M. Pavlov, J. Luirink, J.E. Wikberg, M. Ehrenberg, Targeting and
insertion of heterologous membrane proteins in E. coli, Biochimie 85 (2003)
659–668.
[34] T. Bornemann, J. Jockel,M.V. Rodnina,W.Wintermeyer, Signal sequence-independent
membrane targeting of ribosomes containing short nascent peptides within the exit
tunnel, Nat. Struct. Mol. Biol. 15 (2008) 494–499.
974 J. Luirink et al. / Biochimica et Biophysica Acta 1817 (2012) 965–976[35] M. Eser, M. Ehrmann, SecA-dependent quality control of intracellular protein
localization, Proc. Natl. Acad. Sci. U. S. A. 100 (2003) 13231–13234.
[36] M.F. Sardis, A. Economou, SecA: a tale of two protomers, Mol. Microbiol. 76 (2010)
1070–1081.
[37] D. Huber, N. Rajagopalan, S. Preissler,M.A. Rocco, F.Merz, G. Kramer, B. Bukau, SecA
interacts with ribosomes in order to facilitate posttranslational translocation in
bacteria, Mol. Cell 41 (2011) 343–353.
[38] X. Zhang, R. Rashid, K. Wang, S.O. Shan, Sequential checkpoints govern
substrate selection during cotranslational protein targeting, Science 328
(2010) 757–760.
[39] P. Peluso, D. Herschlag, S. Nock, D.M. Freymann, A.E. Johnson, P. Walter, Role of
4.5S RNA in assembly of the bacterial signal recognition particle with its receptor,
Science 288 (2000) 1640–1643.
[40] P. Peluso, S.O. Shan, S. Nock, D. Herschlag, P. Walter, Role of SRP RNA in the
GTPase cycles of Ffh and FtsY, Biochemistry 40 (2001) 15224–15233.
[41] J.R. Jagath, N.B. Matassova, E. de Leeuw, J.M. Warnecke, G. Lentzen, M.V. Rodnina, J.
Luirink,W.Wintermeyer, Important role of the tetraloop region of 4.5S RNA in SRP
binding to its receptor FtsY, RNA 7 (2001) 293–301.
[42] N. Bradshaw, S.B. Neher, D.S. Booth, P.Walter, Signal sequences activate the catalytic
switch of SRP RNA, Science 323 (2009) 127–130.
[43] X. Zhang, C. Schafﬁtzel, N. Ban, S.O. Shan, Multiple conformational switches in a
GTPase complex control co-translational protein targeting, Proc. Natl. Acad. Sci.
U. S. A. 106 (2009) 1754–1759.
[44] I. Saraogi, D. Akopian, S.O. Shan, A tale of two GTPases in co-translational protein
targeting, Protein Sci. (2011).
[45] S.F. Ataide, N. Schmitz, K. Shen, A. Ke, S.O. Shan, J.A. Doudna, N. Ban, The crystal
structure of the signal recognition particle in complex with its receptor, Science
331 (2011) 881–886.
[46] G. Bacher, H. Lutcke, B. Jungnickel, T.A. Rapoport, B. Dobberstein, Regulation by the
ribosome of the GTPase of the signal-recognition particle during protein targeting,
Nature 381 (1996) 248–251.
[47] R.J. Keenan, D.M. Freymann, R.M. Stroud, P. Walter, The signal recognition particle,
Annu. Rev. Biochem. 70 (2001) 755–775.
[48] E. de Leeuw, K. te Kaat, C. Moser, G. Menestrina, R. Demel, B. de Kruijff, B. Oudega, J.
Luirink, I. Sinning, Anionic phospholipids are involved in membrane association of
FtsY and stimulate its GTPase activity, EMBO J. 19 (2000) 531–541.
[49] S. Angelini, S. Deitermann, H.G. Koch, FtsY, the bacterial signal-recognition particle
receptor, interacts functionally and physically with the SecYEG translocon, EMBO
Rep. 6 (2005) 476–481.
[50] W. Song, D. Raden, E.C. Mandon, R. Gilmore, Role of Sec61alpha in the regulated
transfer of the ribosome–nascent chain complex from the signal recognition
particle to the translocation channel, Cell 100 (2000) 333–343.
[51] P.J. Rapiejko, R. Gilmore, Empty site forms of the SRP54 and SR alpha GTPases
mediate targeting of ribosome–nascent chain complexes to the endoplasmic
reticulum, Cell 89 (1997) 703–713.
[52] T. Powers, P. Walter, Reciprocal stimulation of GTP hydrolysis by two directly
interacting GTPases, Science 269 (1995) 1422–1424.
[53] T. Connolly, P. Rapiejko, R. Gilmore, Requirement of GTP hydrolysis for dissocia-
tion of the signal recognition particle from its receptor, Science 252 (1991)
1171–1173.
[54] D. Braig, M. Mircheva, I. Sachelaru, E.O. van der Sluis, L. Sturm, R. Beckmann, H.G.
Koch, Signal sequence-independent SRP–SR complex formation at the membrane
suggests an alternative targeting pathway within the SRP cycle, Mol. Biol. Cell 22
(2011) 2309–2323.
[55] E. Bibi, Early targeting events during membrane protein biogenesis in Escherichia
coli, Biochim. Biophys. Acta 1808 (2011) 841–850.
[56] D. Wickstrom, S. Wagner, L. Baars, A.J. Ytterberg, M. Klepsch, K.J. van Wijk, J.
Luirink, J.W. de Gier, Consequences of depletion of the signal recognition particle
in Escherichia coli, J. Biol. Chem. 286 (2011) 4598–4609.
[57] K. Nevo-Dinur, A. Nussbaum-Shochat, S. Ben-Yehuda, O. Amster-Choder, Translation-
independent localization of mRNA in E. coli, Science 331 (2011) 1081–1084.
[58] J. Prilusky, E. Bibi, Studying membrane proteins through the eyes of the genetic
code revealed a strong uracil bias in their coding mRNAs, Proc. Natl. Acad. Sci.
U. S. A. 106 (2009) 6662–6666.
[59] C.V. Nicchitta, A platform for compartmentalized protein synthesis: protein
translation and translocation in the ER, Curr. Opin. Cell Biol. 14 (2002) 412–416.
[60] E. Bochkareva, A. Seluanov, E. Bibi, A. Girshovich, Chaperonin-promoted post-
translational membrane insertion of a multispanning membrane protein lactose
permease, J. Biol. Chem. 271 (1996) 22256–22261.
[61] J. Deaton, J. Sun, A. Holzenburg, D.K. Struck, J. Berry, R. Young, Functional bacte-
riorhodopsin is efﬁciently solubilized and delivered to membranes by the cha-
peronin GroEL, Proc. Natl. Acad. Sci. U. S. A. 101 (2004) 2281–2286.
[62] M.J. Kerner, D.J. Naylor, Y. Ishihama, T. Maier, H.C. Chang, A.P. Stines, C. Georgo-
poulos, D. Frishman, M. Hayer-Hartl, M. Mann, F.U. Hartl, Proteome-wide analy-
sis of chaperonin-dependent protein folding in Escherichia coli, Cell 122 (2005)
209–220.
[63] N. Borgese, M. Righi, Remote origins of tail-anchored proteins, Trafﬁc 11 (2010)
877–885.
[64] A. Craney, K. Tahlan, D. Andrews, J. Nodwell, Bacterial transmembrane proteins
that lack N-terminal signal sequences, PLoS One 6 (2011) e19421.
[65] F. Fontaine, R.T. Fuchs, G. Storz, Membrane localization of small proteins in
Escherichia coli, J. Biol. Chem. 286 (2011) 32464–32474.
[66] S. Shao, R.S. Hegde, Membrane protein insertion at the endoplasmic reticulum,
Annu. Rev. Cell. Dev. Biol. 27 (2011) 25–56.
[67] C. Rabu, V. Schmid, B. Schwappach, S. High, Biogenesis of tail-anchored proteins:
the beginning for the end? J. Cell Sci. 122 (2009) 3605–3612.[68] K. Dalal, F. Duong, The SecY complex: conducting the orchestra of protein transloca-
tion, Trends Cell Biol. 21 (2011) 506–514.
[69] B. Van den Berg,W.M. Clemons Jr., I. Collinson, Y.Modis, E. Hartmann, S.C. Harrison,
T.A. Rapoport, X-ray structure of a protein-conducting channel, Nature 427 (2004)
36–44.
[70] P.J. Schatz, K.L. Bieker, K.M. Ottemann, T.J. Silhavy, J. Beckwith, One of three
transmembrane stretches is sufﬁcient for the functioning of the SecE Protein, a
membrane component of the E. coli secretion machinery, EMBO J. 10 (1991)
1749–1757.
[71] S.H. White, G. von Heijne, How translocons select transmembrane helices, Annu.
Rev. Biophys. 37 (2008) 23–42.
[72] J. Frauenfeld, J. Gumbart, E.O. Sluis, S. Funes, M. Gartmann, B. Beatrix, T. Mielke,
O. Berninghausen, T. Becker, K. Schulten, R. Beckmann, Cryo-EM structure of the
ribosome–SecYE complex in the membrane environment, Nat. Struct. Mol. Biol.
18 (2011) 614–621.
[73] E. Park, T.A. Rapoport, Preserving the membrane barrier for small molecules
during bacterial protein translocation, Nature 473 (2011) 239–242.
[74] T. Hessa, H. Kim, K. Bihlmaier, C. Lundin, J. Boekel, H. Andersson, I. Nilsson, S.H.
White, G. von Heijne, Recognition of transmembrane helices by the endoplasmic
reticulum translocon, Nature 433 (2005) 377–381.
[75] T. Hessa, N.M.Meindl-Beinker, A. Bernsel, H. Kim, Y. Sato,M. Lerch-Bader, I. Nilsson,
S.H. White, G. von Heijne, Molecular code for transmembrane-helix recognition by
the Sec61 translocon, Nature 450 (2007) 1026–1030.
[76] V. Goder, M. Spiess, Molecular mechanism of signal sequence orientation in the
endoplasmic reticulum, EMBO J. 22 (2003) 3645–3653.
[77] P.K. Devaraneni, B. Conti, Y.Matsumura, Z. Yang, A.E. Johnson,W.R. Skach, Stepwise
insertion and inversion of a type II signal anchor sequence in the ribosome–Sec61
translocon complex, Cell 146 (2011) 134–147.
[78] F. Bonardi, E. Halza, M. Walko, F. Du Plessis, N. Nouwen, B.L. Feringa, A.J. Driessen,
Probing the SecYEG translocation pore size with preproteins conjugated
with sizable rigid spherical molecules, Proc. Natl. Acad. Sci. U. S. A. 108 (2011)
7775–7780.
[79] D.J. du Plessis, N. Nouwen, A.J. Driessen, The Sec translocase. Biochim. Biophys.
Acta 1008 (2011) 851–865.
[80] H. Andersson, G. von Heijne, Sec-dependent and sec-independent assembly of
E. coli inner membrane proteins — the topological rules depend on chain length,
EMBO J. 12 (1993) 683–691.
[81] L. Froderberg, E. Houben, J.C. Samuelson,M.Y. Chen, S.K. Park, G.J. Phillips, R. Dalbey,
J. Luirink, J.W.L. de Gier, Versatility of inner membrane protein biogenesis in
Escherichia coli, Mol. Microbiol. 47 (2003) 1015–1027.
[82] P. Kuhn, B. Weiche, L. Sturm, E. Sommer, F. Drepper, B. Warscheid, V. Sourjik,
H.G. Koch, The bacterial SRP receptor, SecA and the ribosome use overlapping
binding sites on the SecY translocon, Trafﬁc 12 (2011) 563–578.
[83] F. Duong, W. Wickner, Distinct catalytic roles of the SecYE, SecG and SecDFyajC
subunits of preprotein translocase holoenzyme, EMBO J. 16 (1997) 2756–2768.
[84] F. Duong, W. Wickner, The SecDFyajC domain of preprotein translocase controls
preprotein movement by regulating SecA membrane cycling, EMBO J. 16 (1997)
4871–4879.
[85] T. Tsukazaki, H. Mori, Y. Echizen, R. Ishitani, S. Fukai, T. Tanaka, A. Perederina,
D.G. Vassylyev, T. Kohno, A.D. Maturana, K. Ito, O. Nureki, Structure and function
of a membrane component SecDF that enhances protein export, Nature 474
(2011) 235–238.
[86] M. Chen, K. Xie, J. Yuan, L. Yi, S.J. Facey, N. Pradel, L.F. Wu, A. Kuhn, R.E. Dalbey,
Involvement of SecDF and YidC in the membrane insertion of M13 procoat
mutants, Biochemistry 44 (2005) 10741–10749.
[87] M. Klepsch, S. Schlegel, D. Wickstrom, G. Friso, K.J. van Wijk, J.O. Persson, J.W. de
Gier, S. Wagner, Immobilization of the ﬁrst dimension in 2D blue native/SDS-
PAGE allows the relative quantiﬁcation of membrane proteomes, Methods 46
(2008) 48–53.
[88] E.B. Tikhonova, H.I. Zgurskaya, AcrA, AcrB, and TolC of Escherichia coli form a
stable intermembrane multidrug efﬂux complex, J. Biol. Chem. 279 (2004)
32116–32124.
[89] S. Tornroth-Horseﬁeld, P. Gourdon, R. Horseﬁeld, L. Brive, N. Yamamoto, H. Mori,
A. Snijder, R. Neutze, Crystal structure of AcrB in complex with a single trans-
membrane subunit reveals another twist, Structure 15 (2007) 1663–1673.
[90] D. Wickstrom, S. Wagner, L. Baars, A.J. Ytterberg, M. Klepsch, K.J. van Wijk, J.
Luirink, J.W. de Gier, Consequences of Depletion of the Signal Recognition Parti-
cle in Escherichia coli, J. Biol. Chem. 286 (2011) 4598–4609.
[91] S.L. Rusch, D.A. Kendall, Oligomeric states of the SecA and SecYEG core components
of the bacterial Sec translocon, Biochim. Biophys. Acta 1768 (2007) 5–12.
[92] D.J. du Plessis, N. Nouwen, A.J. Driessen, The Sec translocase, Biochim. Biophys.
Acta 1808 (2011) 851–865.
[93] A. Kedrov, I. Kusters, V.V. Krasnikov, A.J. Driessen, A single copy of SecYEG is sufﬁcient
for preprotein translocation, EMBO J. (2011).
[94] T. Becker, S. Bhushan, A. Jarasch, J.P. Armache, S. Funes, F. Jossinet, J. Gumbart, T.
Mielke, O. Berninghausen, K. Schulten, E. Westhof, R. Gilmore, E.C. Mandon, R.
Beckmann, Structure of monomeric yeast and mammalian Sec61 complexes
interacting with the translating ribosome, Science 326 (2009) 1369–1373.
[95] J.F. Menetret, J. Schaletzky, W.M. Clemons Jr., A.R. Osborne, S.S. Skanland, C. Denison,
S.P. Gygi, D.S. Kirkpatrick, E. Park, S.J. Ludtke, T.A. Rapoport, C.W. Akey, Ribosome
binding of a single copy of the SecY complex: implications for protein translocation,
Mol. Cell 28 (2007) 1083–1092.
[96] C. Tziatzios, D. Schubert, M. Lotz, D. Gundogan, H. Betz, H. Schagger, W. Haase,
F. Duong, I. Collinson, The bacterial protein–translocation complex: SecYEG
dimers associate with one or two SecA molecules, J. Mol. Biol. 340 (2004)
513–524.
975J. Luirink et al. / Biochimica et Biophysica Acta 1817 (2012) 965–976[97] I. Wittig, H.P. Braun, H. Schagger, Blue native PAGE, Nat. Protoc. 1 (2006) 418–428.
[98] D. Boy, H.G. Koch, Visualization of distinct entities of the SecYEG translocon dur-
ing translocation and integration of bacterial proteins, Mol. Biol. Cell 20 (2009)
1804–1815.
[99] K. Mitra, C. Schafﬁtzel, T. Shaikh, F. Tama, S. Jenni, C.L. Brooks III, N. Ban, J. Frank,
Structure of the E. coliprotein-conducting channel bound to a translating ribosome,
Nature 438 (2005) 318–324.
[100] K. Mitra, J. Frank, A. Driessen, Co- and post-translational translocation through
the protein-conducting channel: analogous mechanisms at work? Nat. Struct.
Mol. Biol. 13 (2006) 957–964.
[101] E.H. Manting, C. van Der Does, H. Remigy, A. Engel, A.J. Driessen, SecYEG assembles
into a tetramer to form the active protein translocation channel, EMBO J. 19 (2000)
852–861.
[102] J. Scheuring, N. Braun, L. Nothdurft, M. Stumpf, A.K. Veenendaal, S. Kol, C. van der
Does, A.J. Driessen, S. Weinkauf, The oligomeric distribution of SecYEG is altered
by SecA and translocation ligands, J. Mol. Biol. 354 (2005) 258–271.
[103] I. Kusters, A.J. Driessen, SecA, a remarkable nanomachine, Cell. Mol. Life Sci. 68
(2011) 2053–2066.
[104] J. Zimmer, Y. Nam, T.A. Rapoport, Structure of a complex of the ATPase SecA and
the protein-translocation channel, Nature 455 (2008) 936–943.
[105] I. Kusters, G. van den Bogaart, A. Kedrov, V. Krasnikov, F. Fulyani, B. Poolman, A.J.
Driessen, Quaternary structure of SecA in solution and bound to SecYEG probed
at the single molecule level, Structure 19 (2011) 430–439.
[106] J.C. Samuelson, M. Chen, F. Jiang, I. Moller, M. Wiedmann, A. Kuhn, G.J. Phillips,
R.E. Dalbey, YidC mediates membrane protein insertion in bacteria, Nature 406
(2000) 637–641.
[107] P.A. Scotti, M.L. Urbanus, J. Brunner, J.W. de Gier, G. von Heijne, C. van der Does, A.J.
Driessen, B. Oudega, J. Luirink, YidC, the Escherichia coli homologue of mitochondrial
Oxa1p, is a component of the Sec translocase, EMBO J. 19 (2000) 542–549.
[108] J. Luirink, T. Samuelsson, J.W. de Gier, YidC/Oxa1p/Alb3: evolutionarily conserved
mediators of membrane protein assembly, FEBS Lett. 501 (2001) 1–5.
[109] S. Funes, F. Kauff, E.O. van der Sluis, M. Ott, J.M. Herrmann, Evolution of YidC/Ox-
a1/Alb3 insertases: three independent gene duplications followed by functional
specialization in bacteria, mitochondria and chloroplasts, Biol. Chem. 392 (2011)
13–19.
[110] P.Wang, R.E. Dalbey, Insertingmembrane proteins: theYidC/Oxa1/Alb3machinery
in bacteria, mitochondria, and chloroplasts, Biochim. Biophys. Acta 1808 (2011)
866–875.
[111] M. Bauer, M. Behrens, K. Esser, G. Michaelis, E. Pratje, PET1402, a nuclear gene
required for proteolytic processing of cytochrome oxidase subunit 2 in yeast,
Mol. Gen. Genet. 245 (1994) 272–278.
[112] N. Bonnefoy, F. Chalvet, P. Hamel, P.P. Slonimski, G. Dujardin, OXA1, a Saccharo-
myces cerevisiae nuclear gene whose sequence is conserved from prokaryotes to
eukaryotes controls cytochrome oxidase biogenesis, J. Mol. Biol. 239 (1994)
201–212.
[113] M. van der Laan, M.L. Urbanus, C.M. Ten Hagen-Jongman, N. Nouwen, B. Oudega,
N. Harms, A.J. Driessen, J. Luirink, A conserved function of YidC in the biogenesis
of respiratory chain complexes, Proc. Natl. Acad. Sci. U. S. A. 100 (2003)
5801–5806.
[114] N. Joly, C. Engl, G. Jovanovic, M. Huvet, T. Toni, X. Sheng, M.P. Stumpf, M. Buck,
Managing membrane stress: the phage shock protein (Psp) response, from mo-
lecular mechanisms to physiology, FEMS Microbiol. Rev. 34 (2010) 797–827.
[115] H. Tjalsma, S. Bron, J.M. van Dijl, Complementary impact of paralogous Oxa1-like
proteins of Bacillus subtilis on post-translocational stages in protein secretion, J.
Biol. Chem. 278 (2003) 15622–15632.
[116] M.J. Saller, F. Fusetti, A.J. Driessen, Bacillus subtilis SpoIIIJ and YqjG function in
membrane protein biogenesis, J. Bacteriol. 191 (2009) 6749–6757.
[117] M.J. Saller, A. Otto, G.A. Berrelkamp-Lahpor, D. Becher, M. Hecker, A.J. Driessen,
Bacillus subtilis YqjG is required for genetic competence development, Proteo-
mics 11 (2011) 270–282.
[118] A. Hasona, P.J. Crowley, C.M. Levesque, R.W. Mair, D.G. Cvitkovitch, A.S. Bleiweis,
L.J. Brady, Streptococcal viability and diminished stress tolerance in mutants
lacking the signal recognition particle pathway or YidC2, Proc. Natl. Acad. Sci.
U. S. A. 102 (2005) 17466–17471.
[119] Y. Dong, S.R. Palmer, A. Hasona, S. Nagamori, H.R. Kaback, R.E. Dalbey, L.J.
Brady, Functional overlap but lack of complete cross-complementation of
Streptococcus mutans and Escherichia coli YidC orthologs, J. Bacteriol. 190 (2008)
2458–2469.
[120] S. Funes, A. Hasona, H. Bauerschmitt, C. Grubbauer, F. Kauff, R. Collins, P.J. Crowley,
S.R. Palmer, L.J. Brady, J.M. Herrmann, Independent gene duplications of the Yid-
C/Oxa/Alb3 family enabled a specialized cotranslational function, Proc. Natl. Acad.
Sci. U. S. A. 106 (2009) 6656–6661.
[121] A. Sääf, M. Monné, J.W. de Gier, G. von Heijne, Membrane topology of the 60-kDa
Oxalp homologue from Escherichia coli, J. Biol. Chem. 273 (1998) 30415–30418.
[122] F. Jiang, M. Chen, L. Yi, J.W. de Gier, A. Kuhn, R.E. Dalbey, Deﬁning the regions of
Escherichia coli YidC that contribute to activity, J. Biol. Chem. 278 (2003)
48965–48972.
[123] E.N. Houben, C.M. ten Hagen-Jongman, J. Brunner, B. Oudega, J. Luirink, The two
membrane segments of leader peptidase partition one by one into the lipid bilayer
via a Sec/YidC interface, EMBO Rep. 5 (2004) 970–975.
[124] K. Beck, G. Eisner, D. Trescher, R.E. Dalbey, J. Brunner, M. Muller, YidC, an assembly
site for polytopic Escherichia colimembrane proteins located in immediate proxim-
ity to the SecYE translocon and lipids, EMBO Rep. 2 (2001) 709–714.
[125] K. Xie, D. Kiefer, G. Nagler, R.E. Dalbey, A. Kuhn, Different regions of the nonconserved
large periplasmic domain of Escherichia coli YidC are involved in the SecF interaction
and membrane insertase activity, Biochemistry 45 (2006) 13401–13408.[126] D.C. Oliver, M. Paetzel, Crystal structure of the major periplasmic domain of the
bacterial membrane protein assembly facilitator YidC, J. Biol. Chem. 283 (2008)
5208–5216.
[127] S. Ravaud, G. Stjepanovic, K.Wild, I. Sinning, The crystal structure of theperiplasmic
domain of the Escherichia colimembrane protein insertase YidC contains a substrate
binding cleft, J. Biol. Chem. 283 (2008) 9350–9358.
[128] R. Kohler, D. Boehringer, B. Greber, R. Bingel-Erlenmeyer, I. Collinson, C. Schafﬁtzel,
N. Ban, YidC and Oxa1 form dimeric insertion pores on the translating ribosome,
Mol. Cell 34 (2009) 344–353.
[129] L. Jia, M. Dienhart, M. Schramp, M. McCauley, K. Hell, R.A. Stuart, Yeast Oxa1 inter-
acts with mitochondrial ribosomes: the importance of the C-terminal region of
Oxa1, EMBO J. 22 (2003) 6438–6447.
[130] G. Szyrach, M. Ott, N. Bonnefoy, W. Neupert, J.M. Herrmann, Ribosome binding to
the Oxa1 complex facilitates co-translational protein insertion in mitochondria,
EMBO J. 22 (2003) 6448–6457.
[131] M. van der Laan, E.N. Houben, N. Nouwen, J. Luirink, A.J. Driessen, Reconstitution
of Sec-dependent membrane protein insertion: nascent FtsQ interacts with YidC
in a SecYEG-dependent manner, EMBO Rep. 2 (2001) 519–523.
[132] F.E. Nargang, M. Preuss, W. Neupert, J.M. Herrmann, The Oxa1 protein forms a
homooligomeric complex and is an essential part of the mitochondrial export
translocase in Neurospora crassa, J. Biol. Chem. 277 (2002) 12846–12853.
[133] E.H. Heuberger, L.M. Veenhoff, R.H. Duurkens, R.H. Friesen, B. Poolman, Oligomeric
state of membrane transport proteins analyzed with blue native electrophoresis
and analytical ultracentrifugation, J. Mol. Biol. 317 (2002) 591–600.
[134] M. Lotz, W. Haase, W. Kuhlbrandt, I. Collinson, Projection structure of YidC: a
conserved mediator of membrane protein assembly, J. Mol. Biol. 375 (2008)
901–907.
[135] E. van Bloois, H.L. Dekker, L. Froderberg, E.N. Houben, M.L. Urbanus, C.G. de Koster,
J.W. de Gier, J. Luirink, Detection of cross-links between FtsH, YidC, HﬂK/C suggests
a linked role for these proteins in quality control upon insertion of bacterial inner
membrane proteins, FEBS Lett. 582 (2008) 1419–1424.
[136] K. Ito, Y. Akiyama, Cellular functions, mechanism of action, and regulation of
FtsH protease, Annu. Rev. Microbiol. 59 (2005) 211–231.
[137] E. van Bloois, G.J. Haan, J.W. de Gier, B. Oudega, J. Luirink, Distinct requirements
for translocation of the N-tail and C-tail of the Escherichia coli inner membrane
protein CyoA, J. Biol. Chem. 281 (2006) 10002–10009.
[138] N. Celebi, L. Yi, S.J. Facey, A. Kuhn, R.E. Dalbey, Membrane biogenesis of subunit II
of cytochrome bo oxidase: contrasting requirements for insertion of N-terminal
and C-terminal domains, J. Mol. Biol. 357 (2006) 1428–1436.
[139] D.J. du Plessis, N. Nouwen, A.J. Driessen, Subunit a of cytochrome o oxidase re-
quires both YidC and SecYEG for membrane insertion, J. Biol. Chem. 281 (2006)
12248–12252.
[140] J. Ma, A. Katsonouri, R.B. Gennis, Subunit II of the cytochrome bo3 ubiquinol oxidase
from Escherichia coli is a lipoprotein, Biochemistry 36 (1997) 11298–11303.
[141] N. Celebi, R.E. Dalbey, J. Yuan, Mechanism and hydrophobic forces driving mem-
brane protein insertion of subunit II of cytochrome bo3 oxidase, J. Mol. Biol. 375
(2008) 1282–1292.
[142] D. Okuno, R. Iino, H. Noji, Rotation and structure of FoF1-ATP synthase, J. Biochem.
149 (2011) 655–664.
[143] S. Kol,W.Majczak, R. Heerlien, J.P. van der Berg, N. Nouwen, A.J. Driessen, Subunit a
of the F(1)F(0) ATP synthase requires YidC and SecYEG for membrane insertion, J.
Mol. Biol. 390 (2009) 893–901.
[144] L. Yi, F. Jiang, M. Chen, B. Cain, A. Bolhuis, R.E. Dalbey, YidC is strictly required for
membrane insertion of subunits a and c of the F(1)F(0)ATP synthase and SecE of
the SecYEG translocase, Biochemistry 42 (2003) 10537–10544.
[145] L. Yi, N. Celebi, M. Chen, R.E. Dalbey, Sec/SRP requirements and energetics of
membrane insertion of subunits a, b, and c of the Escherichia coli F1Fo ATP
synthase, J. Biol. Chem. 279 (2004) 39260–39267.
[146] D. Schneider, T. Pohl, J. Walter, K. Dorner, M. Kohlstadt, A. Berger, V. Spehr, T.
Friedrich, Assembly of the Escherichia coli NADH:ubiquinone oxidoreductase
(complex I), Biochim. Biophys. Acta 1777 (2008) 735–739.
[147] C.E. Price, A.J. Driessen, Conserved negative charges in the transmembrane
segments of subunit K of the NADH:ubiquinone oxidoreductase determine
its dependence on YidC for membrane insertion, J. Biol. Chem. 285 (2010)
3575–3581.
[148] M.L. Urbanus, P.A. Scotti, L. Froderberg, A. Saaf, J.W. de Gier, J. Brunner, J.C.
Samuelson, R.E. Dalbey, B. Oudega, J. Luirink, Sec-dependent membrane protein
insertion: sequential interaction of nascent FtsQ with SecY and YidC, EMBO Rep.
2 (2001) 524–529.
[149] E.N.G. Houben, P.A. Scotti, Q.A. Valent, J. Brunner, J.W.L. de Gier, B. Oudega, J.
Luirink, Nascent Lep inserts into the Escherichia coli inner membrane in the
vicinity of YidC, SecY and SecA, FEBS Lett. 476 (2000) 229–233.
[150] E.N.G. Houben, M.L. Urbanus, M. van der Laan, C.M. ten Hagen-Jongman,
A.J.M. Driessen, J. Brunner, B. Oudega, J. Luirink, YidC and SecY mediate mem-
brane insertion of a type I transmembrane domain, J. Biol. Chem. 277 (2002)
35880–35886.
[151] S. Nagamori, I.N. Smirnova, H.R. Kaback, Role of YidC in folding of polytopic
membrane proteins, J. Cell Biol. 165 (2004) 53–62.
[152] M.L. Oldham, D. Khare, F.A. Quiocho, A.L. Davidson, J. Chen, Crystal structure of a
catalytic intermediate of the maltose transporter, Nature 450 (2007) 515–521.
[153] S.Wagner, O.I. Pop, G.J. Haan, L. Baars, G. Koningstein,M.M. Klepsch, P. Genevaux, J.
Luirink, J.W. de Gier, Biogenesis of MalF and theMalFGK(2) maltose transport com-
plex in Escherichia coli requires YidC, J. Biol. Chem. 283 (2008) 17881–17890.
[154] M. Chen, J.C. Samuelson, F. Jiang, M. Muller, A. Kuhn, R.E. Dalbey, Direct interaction
of YidCwith the Sec-independent Pf3 coat protein during its membrane protein
insertion, J. Biol. Chem. 277 (2002) 7670–7675.
976 J. Luirink et al. / Biochimica et Biophysica Acta 1817 (2012) 965–976[155] J. Serek, G. Bauer-Manz, G. Struhalla, L. Van Den Berg, D. Kiefer, R. Dalbey, A.
Kuhn, Escherichia coli YidC is a membrane insertase for Sec-independent proteins,
EMBO J. 23 (2004) 294–301.
[156] N. Stiegler, R.E. Dalbey, A. Kuhn, M13 procoat protein insertion into YidC and
SecYEG proteoliposomes and liposomes, J. Mol. Biol. 406 (2011) 362–370.
[157] E. van Bloois, G. Jan Haan, J.W. de Gier, B. Oudega, J. Luirink, F(1)F(0) ATP synthase
subunit c is targeted by the SRP to YidC in the E. coli inner membrane, FEBS Lett.
576 (2004) 97–100.
[158] M. van der Laan, P. Bechtluft, S. Kol, N. Nouwen, A.J. Driessen, F1Fo ATP synthase
subunit c is a substrate of the novel YidC pathway for membrane protein bio-
genesis, J. Cell Biol. 165 (2004) 213–222.
[159] L. Jia, M.K. Dienhart, R.A. Stuart, Oxa1 directly interacts with Atp9 and mediates
its assembly into the mitochondrial F1Fo-ATP synthase complex, Mol. Biol. Cell
18 (2007) 1897–1908.
[160] S.J. Facey, S.A. Neugebauer, S. Krauss, A. Kuhn, The mechanosensitive channel
proteinMscL is targeted by the SRP to the novel YidCmembrane insertion pathway
of Escherichia coli, J. Mol. Biol. 365 (2007) 995–1004.
[161] I.R. Booth, P. Louis, Managing hypoosmotic stress: aquaporins and mechanosensitive
channels in Escherichia coli, Curr. Opin. Microbiol. 2 (1999) 166–169.
[162] G. Chang, R.H. Spencer, A.T. Lee, M.T. Barclay, D.C. Rees, Structure of the MscL
homolog from Mycobacterium tuberculosis: a gated mechanosensitive ion
channel, Science 282 (1998) 2220–2226.
[163] O.I. Pop, Z. Soprova, G. Koningstein, D.J. Scheffers, P. van Ulsen, D. Wickstrom, J.W.
de Gier, J. Luirink, YidC is required for the assembly of the MscL homopentameric
pore, FEBS J. 276 (2009) 4891–4899.
[164] J.C. Samuelson, F. Jiang, L. Yi, M. Chen, J.W. de Gier, A. Kuhn, R.E. Dalbey, Function
of YidC for the insertion of M13 procoat protein in Escherichia coli: translocation
of mutants that show differences in their membrane potential dependence and
Sec requirement, J. Biol. Chem. 276 (2001) 34847–34852.
[165] C. Berrier, I. Guilvout, N. Bayan, K.H. Park, A. Mesneau, M. Chami, A.P. Pugsley, A.
Ghazi, Coupled cell-free synthesis and lipid vesicle insertion of a functional olig-
omeric channel MscL MscL does not need the insertase YidC for insertion in
vitro, Biochim. Biophys. Acta 1808 (2011) 41–46.
[166] C.E. Price, A. Kocer, S. Kol, J.P. van der Berg, A.J. Driessen, In vitro synthesis and
oligomerization of the mechanosensitive channel of large conductance, MscL,
into a functional ion channel, FEBS Lett. 585 (2011) 249–254.
[167] W.R. Skach, Cellular mechanisms of membrane protein folding, Nat. Struct. Mol.
Biol. 16 (2009) 606–612.
[168] S. Seppala, J.S. Slusky, P. Lloris-Garcera, M. Rapp, G. von Heijne, Control of mem-
brane protein topology by a single C-terminal residue, Science 328 (2010)
1698–1700.
[169] F. Cymer, A. Veerappan, D. Schneider, Transmembrane helix–helix interactions
are modulated by the sequence context and by lipid bilayer properties, Biochim.
Biophys. Acta (2011).
[170] T.L. Lau, C. Kim, M.H. Ginsberg, T.S. Ulmer, The structure of the integrin alphaIIbbeta3
transmembrane complex explains integrin transmembrane signalling, EMBO J. 28
(2009) 1351–1361.
[171] N. Shimohata, S. Nagamori, Y. Akiyama, H.R. Kaback, K. Ito, SecY alterations that
impair membrane protein folding and generate a membrane stress, J. Cell Biol.
176 (2007) 307–317.
[172] A. Peters, C. Kulajta, G. Pawlik, F. Daldal, H.G. Koch, Stability of the cbb3-type cyto-
chrome oxidase requires speciﬁc CcoQ–CcoP interactions, J. Bacteriol. 190 (2008)
5576–5586.
[173] G. Pawlik, C. Kulajta, I. Sachelaru, S. Schroder, B. Waidner, P. Hellwig, F. Daldal,
H.G. Koch, The putative assembly factor CcoH is stably associated with the cbb3-
type cytochrome oxidase, J. Bacteriol. 192 (2010) 6378–6389.
[174] F. Lu, S. Li, Y. Jiang, J. Jiang, H. Fan, G. Lu, D. Deng, S. Dang, X. Zhang, J. Wang, N.
Yan, Structure andmechanism of the uracil transporter UraA, Nature 472 (2011)
243–246.
[175] F. Stenberg, G. von Heijne, D.O. Daley, Assembly of the cytochrome bo3 complex,
J. Mol. Biol. 371 (2007) 765–773.
[176] Z. Yu, M. Laven, M. Klepsch, J.W. de Gier, W. Bitter, P. van Ulsen, J. Luirink, Role for
Escherichia coli YidD in membrane protein insertion, J. Bacteriol. 193 (2011)
5242–5251.
[177] S. Langklotz, U. Baumann, F. Narberhaus, Structure and function of the bacterial
AAA protease FtsH, Biochim. Biophys. Acta 1823 (2012) 40–48.
[178] T. Tatsuta, T. Langer, AAA proteases in mitochondria: diverse functions of
membrane-bound proteolytic machines, Res. Microbiol. 160 (2009) 711–717.
[179] J. van Stelten, F. Silva, D. Belin, T.J. Silhavy, Effects of antibiotics and a proto-
oncogene homolog on destruction of protein translocator SecY, Science 325
(2009) 753–756.[180] M. Sakoh, K. Ito, Y. Akiyama, Proteolytic activity of HtpX, a membrane-bound
and stress-controlled protease from Escherichia coli, J. Biol. Chem. 280 (2005)
33305–33310.
[181] M.S. Brown, J. Ye, R.B. Rawson, J.L. Goldstein, Regulated intramembrane proteol-
ysis: a control mechanism conserved from bacteria to humans, Cell 100 (2000)
391–398.
[182] Y. Akiyama, K. Kanehara, K. Ito, RseP (YaeL), an Escherichia coli RIP protease,
cleaves transmembrane sequences, EMBO J. 23 (2004) 4434–4442.
[183] E. Erez, D. Fass, E. Bibi, How intramembrane proteases bury hydrolytic reactions
in the membrane, Nature 459 (2009) 371–378.
[184] S. Maegawa, K. Ito, Y. Akiyama, Proteolytic action of GlpG, a rhomboid prote-
ase in the Escherichia coli cytoplasmic membrane, Biochemistry 44 (2005)
13543–13552.
[185] E. Erez, E. Bibi, Cleavage of a multispanningmembrane protein by an intramembrane
serine protease, Biochemistry 48 (2009) 12314–12322.
[186] H.D. Bernstein, J.B. Hyndman, Physiological basis for conservation of the signal
recognition particle targeting pathway in Escherichia coli, J. Bacteriol. 183
(2001) 2187–2197.
[187] J. Abramson, S. Riistama, G. Larsson, A. Jasaitis, M. Svensson-Ek, L. Laakkonen,
A. Puustinen, S. Iwata, M. Wikstrom, The structure of the ubiquinol oxidase
from Escherichia coli and its ubiquinone binding site, Nat. Struct. Biol. 7
(2000) 910–917.
[188] K.A. Kennedy, B. Traxler, MalK forms a dimer independent of its assembly into
the MalFGK2 ATP-binding cassette transporter of Escherichia coli, J. Biol. Chem.
274 (1999) 6259–6264.
[189] K.A. Kennedy, E.G. Gachelet, B. Traxler, Evidence for multiple pathways in the
assembly of the Escherichia coli maltose transport complex, J. Biol. Chem. 279
(2004) 33290–33297.
[190] A. Poetsch, D. Wolters, Bacterial membrane proteomics, Proteomics 8 (2008)
4100–4122.
[191] A.E. Speers, C.C. Wu, Proteomics of integral membrane proteins—theory and
application, Chem. Rev. 107 (2007) 3687–3714.
[192] T. Rabilloud, Membrane proteins and proteomics: love is possible, but so difﬁcult,
Electrophoresis 30 (Suppl. 1) (2009) S174–S180.
[193] P.S. Brookes, A. Pinner, A. Ramachandran, L. Coward, S. Barnes, H. Kim, V.M. Darley-
Usmar, High throughput two-dimensional blue-native electrophoresis: a tool for
functional proteomics of mitochondria and signaling complexes, Proteomics 2
(2002) 969–977.
[194] S. Schlegel, M. Klepsch, D. Wickstrom, S. Wagner, J.W. de Gier, Comparative
analysis of cytoplasmic membrane proteomes of Escherichia coli using 2D blue
native/SDS-PAGE, Methods Mol. Biol. 619 (2010) 257–269.
[195] N. Saikawa, Y. Akiyama, K. Ito, FtsH exists as an exceptionally large complex con-
taining HﬂKC in the plasma membrane of Escherichia coli, J. Struct. Biol. 146
(2004) 123–129.
[196] N.W. Goehring, J. Beckwith, Diverse paths to midcell: assembly of the bacterial
cell division machinery, Curr. Biol. 15 (2005) R514–R526.
[197] N.P. Barrera, C.V. Robinson, Advances in the mass spectrometry of membrane
proteins: from individual proteins to intact complexes, Annu. Rev. Biochem. 80
(2011) 247–271.
[198] S. Chiba, K. Ito, Y. Akiyama, The Escherichia coli plasma membrane contains two
PHB (prohibitin homology) domain protein complexes of opposite orientations,
Mol. Microbiol. 60 (2006) 448–457.
[199] D. Drew, L. Froderberg, L. Baars, J.W. de Gier, Assembly and overexpression of mem-
brane proteins in Escherichia coli, Biochim. Biophys. Acta 1610 (2003) 3–10.
[200] A.R. Ureta, R.G. Endres, N.S. Wingreen, T.J. Silhavy, Kinetic analysis of the assem-
bly of the outer membrane protein LamB in Escherichia colimutants each lacking
a secretion or targeting factor in a different cellular compartment, J. Bacteriol.
189 (2007) 446–454.
[201] L. Baars, S. Wagner, D. Wickstrom, M. Klepsch, A.J. Ytterberg, K.J. van Wijk, J.W.
de Gier, Effects of SecE depletion on the inner and outer membrane proteomes
of Escherichia coli, J. Bacteriol. 190 (2008) 3505–3525.
[202] C.E. Price, A. Otto, F. Fusetti, D. Becher, M. Hecker, A.J. Driessen, Differential effect
of YidC depletion on the membrane proteome of Escherichia coli under aerobic
and anaerobic growth conditions, Proteomics 10 (2010) 3235–3247.
[203] D. Wickstrom, S. Wagner, P. Simonsson, O. Pop, L. Baars, A.J. Ytterberg, K.J. van
Wijk, J. Luirink, J.W. de Gier, Characterization of the consequences of YidC deple-
tion on the inner membrane proteome of E. coli using 2D blue native/SDS-PAGE,
J. Mol. Biol. 409 (2011) 124–135.
[204] Zhang, D., Sweredoski, M.J., Graham, R.L., Hess, S., Shan, S.O. 1998. Novel prote-
omic tools reveal essential roles of SRP and importance of proper membrane
protein biogenesis, Mol. Cell. Proteomics (in press).
